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A b s t r a c t
In this thesis, the surface acoustic waves (SAWs) and quantum well (QW) 
interdiffusion technologies are used to develop modulation devices including electro­
optic and electro-absorption QW modulators. The modulation devices are crucial 
components for generating optical signals in opto-electronic circuits in the use of 
communication systems. The propagation of SAWs and it effects on a III-V 
semiconductor QW are modelled to determine the change of the QW subband 
structure. The change of optical properties is evaluated so that the optical modulators 
using SAWs can be studied and optimised. For the interdiffusion technology, the 
constituent atom composition after interdiffusion is modelled by solving the diffusion 
equations. The modifications of the QW subband structure which change the QW 
optical properties are studied here for the use of the QW modulators and lasers.
SAWs are generated by interdigital transducers deposited on the top surface of 
device structures. Our aims here are to optimise the change of optical properties, 
including the change of the QW refractive index and absorption coefficient and to 
simplify the structure of the transducer by increasing and reducing the SAW 
wavelength and power respectively. The theoretical results show that by optimising 
the QW structures in a stack from a single QW to a diffused QW (DFQW) and pairs of 
asymmetric double QW (DQW), the optical change can be enhanced 100 times as 
compared to conventional bulk SAW modulators. Besides, the SAW frequency and 
power can be reduced to -lOOMHz and few mW per SAW wavelength respectively. 
Recently, SAWs with a frequency of ~I00M Hz have been demonstrated in single QW 
by others. These suggest that SAW-QW modulators can be realised in the near future.
DFQWs used as both the passive cladding regions and active region of 
modulation devices are studied here. The results show that an electro-optical phase 
modulator with disorder delineated optical confinement is comparable to existing phase 
modulators. We also propose to use DFQWs as the active region of optical devices to 
produce TE and TM  modes polarisation insensitive optical properties in both 
AlGaAs/GaAs and InGaAsP/InP QWs. At the same time, InGaAsP DFQW have been 
demonstrated by others as the polarisation insensitive QW amplifiers. This indicates 
the potential of DFQW to realise the polarisation insensitive QW optical devices.
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Chapter 1
C h a p t e r  1  
I n t r o d u c t i o n
In the sophisticated communication of today’s world, the common target for 
the transmission and signal processing technologies is to provide a high speed, high 
capacity, low loss and low cost communication system. Optical communication 
systems offer the potential for a rapid transfer of parallel data (i.e. high speed and 
capacity) from one system to another with minimum signal dispersion (i.e. low 
distortion and low loss) which are commonly observed in high-bit rate electrical 
interconnects. In fact, thousands of tonnes of optical fibres and optical components 
have been manufactured and used over the world (i.e. mass production and cost 
reduction). These suggest that optical communications are one of the ways to fulfil the 
common target.
In the optical communication systems, one of the important processes is to 
encode a signal onto an optical beam, which can be provided by optical modulators
[1.1]. In addition, in optical communication systems, we also need optical modulators 
for signal multiplexing, demodulation and routing. Consequently, modulation devices 
are essential optical components for the development o f optical communication and 
signal processing systems.
Advanced semiconductor growth techniques, such as molecular beam epitaxy 
(MBE) and metal organic chemical vapour deposition (MOCVD) produce thin layers 
(down to 5 A) of high quality III-V semiconductor materials and therefore enable the 
construction of lattice matched (e.g. AlGaAs/GaAs) and strained (e.g. InGaAs/InP) 
heterostructures, known as quantum wells (QWs) [1.2]. These QWs can be 
engineered at atomic level, giving rise to new physical mechanisms to create new 
devices. Excitonic electro-absorption, highlighting important features of QWs for 
modulation devices, was demonstrated in practice in 1983 [1.3] by applying a reverse 
bias field perpendicular to a stack of QWs structures. Since then, efforts have been put
1
Chapter 1
into investigating excitonic electro-optical properties and its application in optical 
modulation using the quantum-confined Stark effect (QCSE) in QW structures [1.4- 
1.6].
However, most of the new modulators, especially high speed modulators are 
discrete device components [1.7]. One of the potential candidates for integrating 
optical device components on the same substrate is the post-growth QW interdiffusion 
technology [1.8,1.9]. Interdiffusion can modify QW structures to become diffused 
QW (DFQW) which can act as the lateral cladding regions for developing 
optoelectronic integrated circuits (OEICs). Interdiffusion can also be used to modify 
the active region of a QW modulator so that the performance of the modulator can be 
adjusted. In this thesis, the QW phase modulator using DFQW as the passive cladding 
region and polarisation insensitive QW modulators and amplifiers using DFQW as the 
active region are investigated.
Regarding integration of opto-electronic devices, SAW interaction which can 
not only change the optical properties of a material for the use in optical modulators 
but also has some advantages for OEICs. SAW optical modulation devices are well- 
established devices as they have been widely developed and used since the 1970’s
[1.10]. The material of the SAW devices is modified due to the interaction of SAW 
and the material in the active region. The light propagating through the active region 
is changed due to modifications of the material and the coupling of the light itself with 
the propagating SAW. SAW signal processing applications in 2-D spatial 
communications established itself as one of the possible ways to realise monolithic 
OEICs [1.11]. The presence and interaction of two or more types of physical waves 
within the active regions of such devices leads directly to the more powerful signal 
processing technologies for the applications in optical computing [1.12] and on-board 
satellite communications [1.13]. M ost of the SAW optical devices use bulk materials. 
Recently, the effects of SAWs on III-V multilayers and QWs have been investigated 
[1.14-1.16]. However, QW optical devices using SAW have not been considered in 
detail, especially the optimisation of the QW structure in the S AW-QW modulators, so 
it is important to determine the importance and potential usefulness of these devices.
Consequently, through theoretical modelling, acousto-optical and electro- 
optical effects induced by SAW and reverse applied voltages on QW structures are 
studied. For acousto-optical QW devices, the effects of SAW on the QW band
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structures and thus their optical properties are studied. The QW structures are also 
optimised so that they can efficiently use SAW to produce improved changes of optical 
properties for modulation devices. For electro-optical modulators, the effects of 
DFQW cladding region and DFQW active region on the modulation characteristics are 
analysed and some novel modulation devices using interdiffusioin are discussed. The 
advantages of both SAW technology and interdiffusion in QW modulators are also 
addressed.
Chapter 2 gives a review of the properties of QW and DFQW in terms of 
potential profiles and optical properties, physics and effects of SAW on III-V 
semiconductors and its devices applications, as well as the effects of reverse bias on 
QW structures and its applications in optical modulators. In Chapter 3, the models 
used in simulating the propagation of SAW, sublattice composition profiles of DFQW, 
subband structure of QW, optical properties of QW including absorption coefficient, 
refractive index and optical gain are discussed. The results are presented in Chapters 4 
to 10.
The studies of the surface acoustic wave effects on QW structures are 
discussed from Chapter 4 to 6. In chapter 4, the SAW effects on the optical properties 
including absorption coefficient and refractive index of AlGaAs/GaAs QW structures 
are investigated. The models of SAW in multiple layers, the QW structure taking into 
account the SAW effects and the guided optical field are developed. The features of 
SAW and changes of the QW properties for optical modulators are addressed. In 
chapter 5, the SAW effects on AlGaAs/GaAs DFQW structures for optical modulators 
are studied. The model of DFQW structures taking into account the SAW effects are 
shown. The QW structures are first optimised and then the effects of interdiffusion on 
the optimised SAW QW modulators are addressed. The enhancements and interesting 
features provided by interdiffusion are discussed. In chapter 6, a more sophisticated 
QW structure: asymmetric double QW (DQW) is discussed and optimised. The SAW 
effects on the optimised asymmetric DQW and the performance of the modulator are 
analysed. The advantages of SAW-DQW modulators over the SAW modulators using 
a stack of single QW active region are indicated.
The electro-optical effects due to the reverse bias on DFQW structures are 
addressed in chapter 7 to 9. In chapter 7, the study is focused on a phase modulator 
with a disorder delineated optical confinement. The effects of DFQW latter claddings
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on the field guiding properties of the single-mode phase modulator are analysed in 
terms of the implantation parameters and thickness of the active region. The 
modulation characteristics are also addressed. In chapter 8, an interesting application 
of AlGaAs/GaAs DFQW to develop polarisation-insensitive optical modulators are 
proposed. The results include criteria to develop the polarisation-insensitive DFQW 
and the performance of the electro-absoiption modulation with the polarisation- 
insensitivity. In Chapter 9, the study of polarisation-insensitive absorption coefficient 
and optical gain of InGaAs(P)/InP DFQW are earned out. The interesting features 
using interdiffusion for the polarisation-insensitivity are discussed. For polarisation 
insensitive optical gain, the carrier effects on it are analysed. The gain switching due to 
reverse bias are also addressed.
Since the optical properties of QW structures is closely related to the QW 
potential profiles, we have extended our model to study the potential profile of as- 
grown QW structures in Chapter 10. They are the as-grown AlGaAs/GaAs QW and 
AlGaAs/InAlAs QW structures grown by MOCVD . For the
AlGaAs/GaAs QW structures, the unintentional non-square properties of the QW 
potential profiles are analysed. For the AlGaAs/InAlAs QW structures, the growing 
interrupt time to the QW potential profiles are investigated. The studies also include 
the analysis of QW band transitions from Photo-Reflectance PR spectra in terms of 
different shapes of QW potential profiles.
Finally, in chapter 11, conclusions of the studies of this thesis are drawn and 
future works are discussed.
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C h a p t e r  2  
R e v i e w s :  Q u a n t u m  W e l l  S t r u c t u r e s ,  S u r f a c e  
A c o u s t i c  W a v e s  a n d  R e v e r s e  B i a s  E f f e c t s
We will mainly investigate the effects of SAW and reverse bias on different QW 
structures in this thesis, so three related areas including (2.1) properties of lattice 
matched QW structures and the effects of strains and interdiffusion on QWs, (2.2) 
physics and effects of SAW on III-V semiconductors and their applications, (2.3) 
optical effects of a reverse bias on QW structures and their applications are reviewed, 
and finally (2.4) a summary will be drawn in this chapter.
2 .1  P r o p e r t i e s  o f  Q u a n tu m  W e lls
2 .1 .1  L a ttic e -M a tc h e d  Q u a n tu m  W ells
Since the successful demonstration of QW structures using advanced expitaxial 
technologies, such as MBE [2.1] and MOCVD [2.2], different QW optical devices 
have been rapidly and intensely developed over the last two decades. These devices 
include lasers [2.3], modulators [2.4] and waveguides [2.5]. These interests have 
arisen because QW provides several remarkable features, such as the “step” density of 
states [2.6] and enhanced excitonic effects [2.7], which can improve the performances 
of the optical devices as compared to the conventional bulk semiconductor devices.
When a stack of two alternate semiconductors, A and B, are grown epitaxially 
with large thickness, a heterostructure is formed. In this heterostructure, the bandgap 
energy (Eg), i.e. at the brillouin zone centre or commonly known as the T valley
of A is higher than that of B. This can be for example A: AlAs with Eg = 2.83 eV and 
B: GaAs with Eg = 1.24eV [2.8]. When the thickness of the GaAs layer with a lower 
Eg is reduced to a level at which it is approaching the De Brogile wavelength, 
quantisation occurs and results in formation of discrete subband energy levels. This
6
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unique structure is known as “quantum wells”, as shown in Fig. 2.1(a) and the 
corresponding band structures and confined subbands at the T  valley are shown in Fig. 
2.1(b). Electrons are confined in the growth direction. In the direction parallel to the 
plane of QW, the E-k (energy verse wave-vector) dispersions of electrons are the same 
as that of the bulk material.
Due to the limitation of the motion of electrons to two dimensions in the well, 
the density of states is modified to a staircase form, as shown in Fig. 2.2. It is valuable 
to note that the minimum energy level subband for the QW is always higher than in the 
bulk case due to the confinement energy. Moreover, the subband structure varies with 
the well thickness and the layer compositions which leads the variation of transition 
energies, the density of states and the distribution of electron wavefunctions and results 
in the modification of the QW optical properties. Therefore, the performance of QW 
optical devices can be adjusted by using the two QW structural parameters.
QW structures bring a significant enhancement in the excitonic properties at 
room temperature. As shown in Fig. 2.3, there are strong absorption features at the 
edges of the steps in the absorption spectra, due to excitons, which are fundamental to 
the interaction of light with the material and are exited electron-holes pairs formed due 
to Coulombic interactions. In bulk material, the excitons are so weak that the exciton 
absorption broadens out and is barely resolved at room temperature. However, in a 
QW structure, a strong exciton absorption is produced at room temperature, see in 
Fig. 2.3. The twin peaks at the lowest band edges reveal excitons of the two types of 
holes, known as heavy hole (HH) and light hole (LH). The photon wavelength of the 
LH exciton is shorter than the HH one because LHs are generally less confined than 
HHs in QWs, except some cases of strained QWs which will be discussed in section 
2.1.2. The strong excitonic properties can also be observed in the spectrum of other 
optical parameters such as refractive index spectra see Fig. 2.4. Consequently, the 
strong excitonic properties can be used to enhance the modulation performance in 
optical modulators [2.4], see in section 2,3.2.
2 .1 .2  S tra in e d  Q u a n tu m  W e lls
Semiconductor heterostructures can be grown epitaxially with two materials 
that are not perfectly lattice-matched, provided this mismatch is not too large. Far
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from being a problem, this type of strained structure and its physics can be exploited in 
many electronic and optical devices. When the parallel lattice constant is forced to 
shrink, i.e. a compressive strain is generated, the perpendicular lattice extends. On the 
contrary, when a tensile strain is generated in the structure, the parallel lattice constant 
extends and the perpendicular lattice shrinks.
To study the effects of strains on QW structures comprehensively, it is assumed 
that the semiconductor epilayer is biaxially strained in the QW plane by £// and 
uniaxially strained in the perpendicular direction by an amount of £r  For a thick 
substrate, the in-plane strain of the eplilayer is determined from the lattice constants of 
the bulk substrate, as, and the eplilayer material, ae:
£ / / = — - ! •  (2.1) 
ae
For ae > as, i.e., £// < 0, the epitaxial layer is under a biaxial compressive strain, while 
for as > ae, the strain is tensile, as shown in Fig. 2.5.
Since the layer is subjected to zero stress in the perpendicular direction, the 
uniaxially (perpendicular) strain ex, when the layer is grown along the (001) direction, 
is proportional to £// and is given by
2a
6 i = —   £ „ ,  (2.2)
1 — a
where the constant a  is known as the Poisson’s ratio which is given as
Cn
(2-3)
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The quantities Cy are the elastic moduli or elastic stiffness constants. Since there is no 
stress in the growth direction it can be shown for a strained layer grown on a (001) 
substrate [2.10,2.11] that different components of the strain tensor are given by [2.12]
B XV — B // ’ B yy ~  B XV ’ & zz ~  = “ 2 (Q 2 /  f/ . (2.4)
= 0 , e * =  0 . (2.5)
The total strain can be resolved into a purely axial component 8ax
2 C
= e± - e „  = - ( l  +  ^ U e , , , (2.6)
and a hydrostatic component £voi (= A V/V)
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(2.7)
Therefore, there are two types of modifications that occur in the strained layer. The 
first effect is due to a change in the volume of the unit cell, known as the hydrostatic 
component, which give rise to a change in the meanbandgap AEg by an amount:
where qca is the hydrostatic deformation potential of the conduction band and qc is the 
offset of the conduction band where (1 -qc)a is the hydrostatic deformation potential of 
the valence band, ( l-q c)a£voi describes the shift of the average valence band energy and 
qcci£voi describes the shift of the conduction band energy. For a compressive • biaxial 
strain, AEg is positive which results in increasing Eg. Conversely, a tensile biaxial 
strain makes AEg negative and Eg reduces, as shown in Fig. 2.6.
The second effect is due to the tetragonal deformation of the cubic crystal, 
known as the shear component, which splits the HH and LH bands at the T  valley, i.e. 
the in-plane wavevector k// = 0, from the average valence band centre by an amount
where b is the axial deformation potential [2.13]. For a negative splitting energy S//, 
i.e. a compressive strain, the HH and LH levels split upward and downward 
respectively from the average valence band centre. On the contrary, for a positive 
splitting energy S//, i.e. a tensile stain, the HH and LH levels move downward and 
upward respectively, With a strong tensile strain, the LH will become the lowest 
valence band as shown in Fig. 2.6. At this time, the exciton absorption peak with 
lowest transition energy corresponds to the LH rather than the HH, which is opposed 
to the commonly obtained in lattice-matched QW as discussed in section 2.1.1. 
Therefore, strains can act as another degree of freedom to modify the QW structure, 
including E  and HH and LH splitting.
2 .1 .3  D iffu se d  Q u a n tu m  W e lls
Disordering of QW structures, which involves the interdiffusion of constituent 
atoms across the well-barrier interfaces, is of particular interest since it offers the 
possibility of continuous modification of the QW bandgap [2.14]. In addition, the
AE g = (qca + (I -  qc)a )svol, (2.8)
(2.9)
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interdiffusion process can be localised to selected regions of a QW structure so that the 
refractive index of the selected areas are modified. Therefore, the optical field can be 
confined in selected regions and different optical devices can be integrated together in 
a single substrate [2.15]. By diffusing the QW structure in the active region of optical 
devices, their performance can be modified [2.16-2.18]. Interdiffusion can be 
enhanced using different disordering technologies such as impurity-induced disordering
[2.19], impurity-free vacancy diffusion [2.20], photoabsorption-induced disordering
[2.21] and impurity-free interdiffusion usinganodisation [2.22].
For a lattice-matched QW structure such as AlGaAs/GaAs QW, the annealing 
process modifies the Ga and Al composition profiles due to interdiffusion and the 
structure is transformed from an as-grown square QW profile to a graded non-linear 
profile. This composition profile determines the confinement potential profile which 
confines the carriers to the QW. The quantum confined subband states in this 
interdiffusion-modified QW potential profile have been studied theoretically using an 
error function profile [2.23, 2.24], a hyperbolic function profile [2.25], and a Green’s 
function model [2.26]. They rely on the Fickian relation of diffusion, with a constant 
interdiffusion coefficient, for a 1-D diffusion process. Since the potential profiles of 
DFQWs change with the extent of interdiffusion, the subband structure and the optical 
properties are modified. As shown in Fig. 2.7, the absorption spectra of AlGaAs/GaAs 
shift to a shorter wavelength because Al diffuses into the well which increases the 
transition energies of the DFQW structure.
For other QW structures, such as InGaAsP/InP QW, different strains can be 
generated due to the modification of the sublattice composition profiles by 
interdiffusion. For the quaternary InxGai.xAsyPi.y material system, three types of 
interdiffusion occur:
(i) only group III interdiffusion, i.e. only In and Ga are involved in the interdiffusion 
which can be induced by using Zn diffusion [2.27, 2.28],
(ii) only group V interdiffusion, i.e. only As and P are involved in the interdiffusion 
which can be obtained by annealing without any dopant [2.29, 2.30], and
(iii) group III and group V interdiffusion which can be induced by sulphur diffusion 
[2.31, 2.32], silicon diffusion [2.33], and phosphorus-ion implantation [2.34],
Using these several types of interdiffusion, the corresponding atoms will interdiffuse 
between the barrier and well. The composition profiles of DFQW, and thus its optical
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properties, are modified. Apart from the change of composition profiles, strains are 
also induced in the quaternary In~Ga^~As~ Px_~ DFQW structure where x  and y  are
the diffused In and As fractions respectively. For the group III only interdiffusion, a 
compressive strain is induced in the well while for the group V only interdiffusion, a 
tensile strain is generated in the well. For the group III and V interdiffusion, the net 
strain can be compressive, tensile, or lattice-matched depending on whether the rate of 
Group III diffusion is greater than, equal to or less than that of Group V one 
respectively.
The bandgap and splitting of HH and LH valence subbands are modified by the 
interdiffusion induced strains. The change of the bulk bandgap due to the biaxial 
component of strain energy, Sx(x  , y ), is given by [2.35]
S ±( x , y ) = ~2ci(x, y  )(1 -  „( x , y ) ,  (2.10)
Cn ( x ,y )
where a(x  , y  ) is the diffused hydrostatic deformation potential calculated from:
a(x ,  y )  = -1  / 3[Cn (x , 50 + 2 Ca (x,  5 0 ] '  I2 ' 11)
dP
where dEg(x  , y )/dP is the hydrostatic pressure coefficient of the lowest direct energy
gap.
The splitting energy S//(x , y  ) after interdiffusion is given by
S„(x,  5?) =  -& (x, y  )(1 + 25 2f o -4 )E/;(x . 5 0 , (2.12)
CH( x , y )
where b( x , y  ) is the diffused shear deformation potential. The coupling between the 
LH and HH split-off band gives rise to asymmetric HH and LH splitting [2.36], so that
s ,/HH(X’ y )  = S„(x>y) ‘ (2.12)
Snlh(X’ y )  = - } i [ S „ ( x t y )  + A 0(x,  y )]
+ K{9[fo/(x, y ) f  + [A0(x, y ) f  -  2S„(x,  y ) A 0(x,  y )J^ (2.13)
where A0( x  , y  ) is the spin-orbit splitting.
Since the type of interdiffusion can be controlled by using different dopants, the 
transition energies of the InGaAsP DFQW can be shifted to shorter or longer photon 
wavelengths. After group III only interdiffusion, the absorption spectra red shifts of 
InGaAs/InP DFQW to a longer photon wavelength, as shown in Fig. 2.8. Conversely,
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the group V only interdiffusion produces the blue-shifted absorption spectra, as shown 
in Fig. 2.9. In addition, strains induced using interdiffusion can be used to tailor the 
splitting of the HH and LH subband in the use of optical devices.
2 .2  P h y s ic s  a n d  A p p lic a t io n s  o f  S u r f a c e  A c o u s tic  W a v e s
2 .2 .1  S A W  in  III-V  S e m ic o n d u c to rs
A surface acoustic wave is an elastic wave travelling along the surface of a 
sample and is confined to the vicinity of that surface. This is in contrast to bulk 
acoustic waves which travel in the entire sample. From the microscopic point of view, 
the particles found at the surface only exert elastic cohesion forces on one side, 
whereas bulk waves affect particles which are surrounded on all sides within the 
medium. We will normally control the power of SAW so that only elastic restoring 
forces are generated in particles within the elastic deformation of a material, i.e. no 
permanent deformation due to the plastic deformation is expected using SAW. Details 
of SAW technologies can be found in [2.37-2.39].
III-V semiconductor crystal structures are piezoelectric materials where 
electrical dipoles are generated when the material is deformed. The dipole moments 
combine to give an average electrical polarisation. When an electric field is applied to 
a piezoelectric material, it becomes strained. This is known as the piezoelectric effect. 
Similarly, when a strain is applied to a piezoelectric material, an electric field is 
induced. Consequently, when a SAW propagates on the surface of a III-V 
semiconductor, strains are generated and an electric field is induced in the material.
An interdigital-electrode SAW transducer is the acoustic excitation source in 
SAW optical devices see in Fig. 2.10. SAW is then stimulated by the piezoelectric 
effect, i.e. SAW must be made of piezoelectric materials (at least one layer, either the 
substrate or waveguide layer). The transducer consists of an array of thin-film metal 
electrodes which are deposited on a smooth, piezoelectric surface and patterned by 
photolithography [2.40]. The electrode array is characterised by its electrode spacing 
and the adjacent electrode overlap. When a voltage is applied to the electric terminals 
at Port C, a fringing electric field is excited between the electrodes. As a consequence, 
SAW is excited whose wavelength (A ,saw ) is twice the electrode spacing. For a SAW
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with a long XSaw, the spacing and width of the electrode can be increased and the 
fabrication of the transducer can be simplified.
2 .2 .2  F o rm u la tio n s  o f  S A W  P ro p a g a tio n  E q u a tio n s
When a SAW propagates on a III-V semiconductor surface, the motions of 
particles can be described, using Newton’s second law, by
| L = p O l ; (2.14)
o X j  d r
where T is the stress tensor, u is the particle displacement, and subscripts i, j take on 
the values 1, 2, and 3, and Xj is the co-ordinate axis of the semiconductor.
For a piezoelectric material, an electric field will be induced by SAW as 
discussed in section 2.2.1. Since any electromagnetic phenomena must obey 
Maxwell’s equations, the electric displacement field in a medium without the free 
earner effect is governed by
1 ^  = 0 , (2.15)
OXj
where D is electric displacement. Eqs. (2.14 and 2.15) form the two field equations 
which govern SAW propagation in III-V semiconductors.
The two constitutive equations to describe the elasto-electric and piezc -electric 
effects are:
f  — Cm Skl — ekijEk , (2.16)
A  = eiki $kt ~ e ik A , (2.17)
where C is the stiffness tensor in a zero electric field, e is the permittivity tensor at zero 
strain and e is the piezoelectric tensor. From these two equations, it can be observed 
that there is a coupling between the SAW induced strain and electric fields. The SAW 
propagation is studied by solving the two field equations with the two constitution 
equations. As the SAW propagates at the surface of the semiconductor, the boundary 
conditions at the interface between the semiconductor and air must be considered
[2.41]. They are (i) that the normal component of both the stress and electric 
displacement and the tangential component of the strain and the electric field are 
continuous and (ii) that the normal component of the stress at the surface equals zero. 
These two boundary conditions hold in any propagation direction of SAW because 
p m a s s  cUn+Ej
Sjc(: strain ’tensor element ^
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they are independent to the propagation direction. Therefore, the final two wave 
equations describing the propagation of SAW take into account the coupling between 
the particle displacement and electric potential.
SAWs can propagate in any direction on a semiconductor depending on the 
orientation of the interdigital transducer. Since in most III-V semiconductors the 
material properties such as the stiffness tensor, permittivity tensor and piezoelectric 
tensor are directional dependent, the properties of SAW change with the propagation 
direction. Take [001] GaAs as an example, by substituting two constitution equations
(2.16) and (2.17) into the two field equations (2.14) and (2.15) and assuming the 
general solution form of the acoustic-field components as
/  c» H W 5 (2.18)
where |3a and co are the wave number and angular frequency of SAW respectively, and 
f  represents any component of the particle displacement or the electric potential, the 
equations (2.14) and (2.15) can be rewritten together as
■ 1
i
* M n M b
I 1
J
C
i
m 2  I M  22 M .  2 3 £ to
m 3 . M 3 2 ^ 3 3 m 3 4 u 3
+*■ ^ 4 2 ^ 4 3 ^ 4 4  _
where the 4x4 [M] matrix constants large expressions involving material constants and 
decay factors as defined in [2.42], and $ is the electric potential. A figure of the co­
ordinate system used for SAW propagation is shown in Fig. 2.11.
When SAW propagates at [100] direction, equation (2.19) is rewritten as
1
A 0 0
Is
T
M j
0 M  22 M 23 0 u 2
0 M 32 M 33 0 u 3
_ M 41 0 0
- 
!
Equation (2.20) can be decomposed into two set of coupled equations, one set for the 
coupling between u2 and u3 which is defined as sagittal wave normal to the plane of the 
interface between air and GaAs. The other set is the coupling between iq and $ which 
is defined as transverse wave. Since only iq is coupled to the electric potential induced 
by SAW, only a horizontal shear strain is generated. The SAW is known as the 
Bleustein-GulycuW (BG) wave [2.43, 2.44].
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For a SAW propagated at [110] direction, equation (2.19) can be rewritten as
~MU 0 0 o
1
ux
0 M n M 23 M 2i u2
0 m 32 ^33 m 34 w3
i— o M  42 M 43 m 44_>  _
= 0 (2.21)
At this time, the sagittal mode is coupled to a SAW induced electric potential. This 
wave is a pure piezoelectric Rayleigh wave with the transverse particle displacement 
component being completely decoupled from the sagittal u2 and u3 components and the 
electric potential. It is worth noting that the BG wave has a deeper penetration than 
that of the Rayleigh wave which generally degrades to zero at a depth with in several 
A a w -
Since SAW can propagate in any direction, the acoustic field needs to be 
transformed into a co-ordinate system which is suited to the geometry of a particular 
problem [2.38]. Here, since the material tensors including the stiffness tensor, 
permittivity tensor piezoelectric tensor are defined with respect to the crystallographic 
axes of [001] GaAs, their components must be transformed to adopt the SAW 
propagation co-ordinate system. For the Rayleigh wave where SAW propagates in the 
[110] direction, i.e. to obtain the equation (2.21) from (2.19), the crystallographic axes 
are rotated anti-clockwise about the z axis by 90° and next to rotate the transformed 
crystallographic axes anti-clockwise by 90° as shown in Fig.2.12. After an appropriate 
transformation, the material tensors are changed as shown in [2.42]. Take the elastic 
tensor as an example, its 6x6 reduced tensor after the transformation is written as
/ C12
0 0 0
c >x c * 0 0 0
C12 C3i 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44
(2.22)
where c22'= c33,= l/2 (cu +ci2)+c44, c23/= l/2(cii+ci2)-c44, and c44'= l/2 (cn -c i2). cn , c i2, 
and c44 are the matrix element of the elastic tensor of [001] GaAs. From the difference 
of the elastic tensor before and after transformation, we show the importance of the 
transformation in the formulation of the SAW propagation.
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2.2.3 Optical Effects of SAW
SAW can generate elasto-optic and electro-optic effect in III-V
semiconductors. The elasto-optic effect is due to the SAW induced strains while the
electro-optic effect is only present in piezoelectric material due to the SAW induced 
electric field.
The elasto-optic effect can be shown using the index ellipsoid. With the
present of SAW induced strains, the index ellipsoid can be written as:
Ski components by the centro-symmetric photoelastic tensor of rank 4 with 
components pyki as follows:
where ppi is the elasto-optic coefficient tensor. Through the symmetry considerations 
of index ellipsoid components and Ski, Puki reduce to a rank 2 tensor pmn which is 
known as the photo-elastic constant. The basics of this theory is that only the 
symmetric gradient of the displacement vector u, as represented by the strain Ski, is 
responsible for the elasto-optic effect. The anti-symmetric gradient of the 
displacement vector u, representing the rigid rotation of the medium makes no 
contribution to the elasto-optic effect.
Due to the presence of the SAW induced electric field, the refractive index also 
changes which is known as the electro-optic effect. The change of refractive index 
described by the lineal' Pockel effects is given by
where rijn is a tensor of rank 3; by the symmetry considerations of index ellipsoid, rijn 
can be reduced to a rank 2 tensor r ^  known as the electro-optic constant. As a 
consequence, for a III-V semiconductor, both the elasto-optic and electro-optic effects 
have to be considered in determining the change of its optical properties.
(2.23)
where n is the refractive index of the medium. The variation A (l/n2)ij are related to the
(2.24)
(2.25)
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2 .2 .4  O p tic a l D e v ic e s  U s in g  S A W
Due to the elasto-optic and electro-optic effects induced by SAW, the 
refractive index of the medium changes . can be used for SAW optical devices. For 
waveguide type optical devices, the propagation direction of an optical wave can be 
either normal or parallel to that to SAW.
Bragg diffraction is obtained when the optical wave propagates with an angle 
0B to the normal of SAW propagation, see Fig. 2.13 [2.39], where Bragg angle 0D is 
calculated from the Bragg condition
where Xop is the photon wavelength. The Bragg-diffraction light intensity ID is given by
where Ii, c, An, and L are the power of the incident light, the light velocity in a free 
space, the peak changes of the refractive index and the interaction length respectively. 
The guided-wave Bragg cell modulators can be integrated to provide a wide-band 
guided wave Bragg modulation [2.45, 2.46], as shown in Fig. 2.14. Using the same 
principle, Bragg TE-TM mode conversion can also be obtained [2.47]. Most of these 
devices were developed using L iN b03 [2.46, 2.47] while recently, III-V 
semiconductors, such as AlGaAs and InGaAsP have been used for such applications
[2.48]. In order to increase the diffraction angle, i.e. enhance the modulation 
performance, thin piezoelectric layers such as ZnO, are commonly deposited on the 
semiconductors to increase the SAW generation efficiency.
When light propagates in the same direction as SAW, different types of devices 
have been developed such as TE-TM  polarisation modes converters [2.49], optical 
directional couplers [2.50] as shown in Fig. 2.15(a), and optical tunable filters [2.51- 
2.53] see Fig. 2.15(b). One of the important principles of the devices is to make use of 
the periodic refractive index profile generated by SAW as an index grating. By 
changing the SAW parameters such as its power and wavelength, the index grating will 
change and thus the guiding properties, such as the optical mode and phase of the 
device structure, can be modified. Consequently, most of the above SAW optical 
devices are made of bulk material such as LiN b03, quartz, and bulk III-V
(2.26)
(2.27)
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semiconductors. With the development of advanced epitaxy, the QW modulators 
using SAW could be an interesting research topic due to the remarkable quantum 
confinement properties.
2 .3  E ffe c ts  o f  R e v e r s e  B ia s  o n  Q W  S t r u c tu r e s
2 .3 .1  E ffec ts  o f  R e se rv e  A p p lie d  F ie ld s
Since 1984, the effects of reserve applied fields have been investigated intensely
[2.54]. The electric field can be applied parallel or perpendicular to the plane of QW 
structures. For the parallel case, the effects of electric fields in QW structures, such as 
lOOA/lOOA AlGaAs/GaAs QW, are qualitatively similar to that in three-dimensional 
semiconductors. The absoiption spectrum of excitons broadens with the applied field. 
The exciton absoiption weakens dramatically to a level that cannot be resolved with 
the broad state absoiption when the applied field is increased to -5 0  kV/cm, as shown 
in Fig. 2.16. For the perpendicular-field case, the exciton absorption peaks can be 
shifted to lower energies by up to 2.5 times the zero-field binding energy and the 
excitons remain resolved at an electric field up to -lOOkV/cm. This feature is mainly 
due to the enhanced confinement of electrons and holes in the well. Even in a strong 
electric field of lOOkV/cm, the earner can be well preserved in the well as shown in 
Fig. 2.17. The shift and broadening feature of the exciton absoiption spectrum due to 
the perpendicular applied field is known as the quantum confined Stark effect (QCSE)
[2.54]. Since the strong exciton absorption peaks are well-preserved and shift under 
applied field at room temperature, the absoiption change can be used to develop 
optical modulators.
2 .3 .2  S tru c tu re s  o f  Q u a n tu m -W e ll M o d u la to rs
There are typically two types of QW modulators using reserve bias. They are 
transverse and waveguide type modulators which were first demonstrated in 1984 and 
1985 respectively. Here, we will review these two modulator structures and their 
development.
Fig. 2.18 is a schematic view of the transverse modulator in which an optical 
beam is modulated vertically. Together with its compatibility with the technology 
already used in vertical cavity lasers [2.55] and detectors [2.56], three dimensional
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optoelectronic integration can probably be realised in the future. This device has the 
advantage of being polarisation independent with respect to the electro-optic materials
[2.57]. It can also be used in multimode and single-mode systems. However, it has a 
limitation in the short active region.
Another modulator structure is the so-called waveguide (longitudinal) type 
modulator, as illustrated in Fig. 2.19, where light propagates parallel to the plane of 
QW by a waveguide. In this structure, the prescribed geometric limitation
between the thickness of the QWs region and the optical interaction length in the 
transverse type modulator is no longer a problem. The interaction length can be freely 
adjusted to a length necessary for producing the desired ON-OFF ratio (contrast ratio)
[2.58]. In addition, since the layers of QW can be reduced in the device, the electric 
field is more homogenous in the active region. However, this type of QW device is TE 
and TM modes polarisation sensitive [2.4]. The optical electric field perpendicular to 
the growth direction of the QW (TE mode) has different optical properties to the 
electric field parallel to the growth direction of the QW (TM mode).
Recently, for the waveguide type modulators structure, an ultra-high-speed 
(50GHz) QWs electro-absorption modulator integrated with waveguides for 40 Gbit/s 
optical modulation has been developed [2.59]. The main principle of this structure is 
to reduce the plane area o f the QW active region to only ~2.5pmx50pm so that the 
capacitance of the devices structure can be significant reduced for increasing the speed 
or frequency of the modulator when using polyimide to reduce the loss due to leakage. 
The device structure has not significantly changed as the frequency is increased. 
However, for the transverse type modulator, there is a breakthrough to add two 
quarter-wavelength identical Bragg reflectors on the top and bottom of the QW cavity 
structure. This so-called symmetric Fabry-Perot (FP) etalon can provide the 
advantages of (a) reducing the operating voltage swing and thus minimise the amount 
of electrical input power, (b) increasing the effective path of physical interaction for an 
expected signal modulations, and (c) producing shaip resonance characteristics which 
are very sensitive to the change of refractive index [2.60]. For the case of making the 
two FP reflectors with different reflectance, an asymmetric FP structure will be 
generated. The advantage of this asymmetric FP configuration over the symmetric FP 
is that the reflectance of the modulator at the OFF-state FP mode can be further
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reduced and thus achieves a higher contrast ratio (CR) up to 100:1 [2.61] as compared 
to the conventional value of about 10:1 [2.62], Laterally, the FP modulator 
components are integrated into other electronic components to become self-electro­
optic effect devices (SEED) such as integrated with a resistor (R-SEED) and capacitor 
(C-SEED), or two identical FP modulators integrate together (S-SEED). These 
SEED family devices can perform optical bistable [2.63].
2 .3 .3  D e v e lo p m e n t o f  D F Q W  M o d u la to rs
A. AlGaAs/GaAs D FQ W  M odulators
The modulation characteristics of AlGaAs/GaAs DFQW modulators including 
Xop, QCSE, exciton linewidth, and absorption coefficient under an applied field have 
been reported [2.64, 2.65, 2.14] where the DFQW structure is used as the active 
region of the modulators. Xop of an electro-absorption modulator is commonly set at 
the biased exciton peak of the transition between the fast conduction subband (C l) and 
the fast HH subband (HH1) at the T  valley, i.e. C1-HH1 transition. When 
interdiffusion proceeds, Xop o f the DFQW modulator blue shifts and hence the Xop can 
be adjusted. It is because, under thermal annealing, Al sublattice diffuses into the well, 
the DFQW potential profile becomes graded and moves up and thus the energy of 
resultant interband transitions increases [2.17]. Under an applied electric field, the 
energy of the DFQW transitions generally increase as compared to that of the as-grown 
structure so that Xop is blue shifted. The extent of interdiffusion is commonly 
represented by the diffusion length Ld, defined as (Dt)1/2, where D is the material and 
temperature dependent diffusion coefficient and t is the annealing time [2.64]. 
Consequently, the XQ? of the DFQW modulator can be tailored to higher photon 
energy. The amount A,op is changed depends on not only the diffusion temperature, 
diffusion time and thus L , but also QCSE of the material structure.
Due to the grading and lowering of the potential barriers in diffused QWs, the 
QW confinement varies which results in the modification of QCSE. Under weak 
interdiffusion, as such T = 985°C and annealing time = 28 sec., the QCSE improves
[2.65]. For more extensive interdiffusion, such as T = 930°C and annealing time = 90s 
to 190 sec., QCSE reduces in DFQW as compared to its as-grown QWs structure.
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However, subject to different annealing times, the reduction of QCSE is not significant 
as shown in Fig. 2.20.
The exciton absoiption peaks of DFQWs with and without an applied field are 
weaker and broader than that of the as-grown QWs as shown in Fig. 2.21. Due to a 
reduction of quantum confinement in graded and lowered DFQW potential profiles, the 
exciton broadening increases with particle tunnelling in DFQW [2.65]. However, the 
exciton of DFQW remains clearly resolved for the electro-absorption modulation. The 
figure also indicates that the as-grown p-n junction is retained. These features are 
important for device applications. Under an applied field, the exciton absoiption 
coefficient of DFQW reduces faster than that of the as-grown structure because the 
reduction of the oscillator strength is more rapid for DFQW than for the unannealed 
QW [2.14]. This causes a decrease in the modulation depth. However, the use of 
shallow DFQW has been suggested as a solution for increasing the saturation intensity 
in electro-absorption modulators. Shallow DFQW can also prevent hole pin-up in the 
active region, allowing a higher cutoff frequency at bias voltages and an improvement 
in quantum efficiency [2.66]. Recently, another technology of interdiffusion using 
anodisation followed by rapid thermal annealing has demonstrated that the linewidth 
broadening of DFQW PL spectra do not change significantly and the PL intensity of 
DFQW enhances simultaneously [2.67]. This suggests that the optical properties 
which is an important factor for optical modulators can be improved by using DFQW.
A theoretical study of a wide range of AlGaAs/GaAs DFQW structures has 
been carried out to explore the effects of interdiffusion in this material system [2.23]. 
They are combinations of different Al concentrations (x = 0.2, 0.3 and 0.4) and well 
widths (Lz = 8, 10 and 12 nm). The extension of interdiffusion are from Ld = lnm  to 
4nm. The modulation performance are indicated by the absorption change (Aa) due to 
the applied electric field, QCSE, absoiption loss (aioss), Aop and the required bias. The 
theoretical results show that for general applications, the AlxGai_xAs/GaAs with x 
between 0.3 and 0.4 and Lz between 10 nm and 12 nm should be employed to develop 
DFQW electro-absoiption modulation devices. Within these ranges, the magnitude of 
Aa, the extension of Ld with improved A a and tunability ofXop are at their optimum.
A wide well-width rectangular QW used as the active-region material can 
provide a large quantum confined Stark shift (QCSS) and a low a {oss in the electro­
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absorption modulator [2.68]. With interdiffusion, the magnitude of A a can be further 
improved in this wide-well-width QW system. The range of interdiffusion with an 
enhanced A a widens with increasing Lz. On the other hand, the low Al concentration 
in rectangular QWs is attractive instrument for developing SEED devices [2.68] since 
it provides a fast tunnelling rate. However, these QWs suffer from low Aa. 
Interdiffusion can then be a remedy to restore the Aa, as demonstrated in Fig. 2.22, 
where the variation of A a with respect to the structural parameters of QW, i.e. Al 
concentration and Lz. The A a is significantly improved by using interdiffusion when 
the Al concentration reduces and Lz increases. This suggests that DFQW can be used 
to improve the modulation performance of the well-width QW-SEED devices.
There are some drawbacks of the DFQW for developing electro-absorption 
modulators including a narrow Stark shift and a large a ioss- However, for an accurate 
comparison, a DFQW should be compared with an “equivalent” rectangular QW [2.69] 
having the same amount of the Stark shift, i.e. a wider well width and shallower well 
depth in the equivalent-QW are required. In this case, the a l0SS of DFQW is found to 
be less and the A a of the equivalent-QW reduces. A comparison can also be made by 
developing an equivalent-QW with the same A a as the DFQW, a narrower or a deeper 
equivalent-QW is then required. This QW has a weaker Stark shift and tunnelling 
sensitivity [2.68], thus increasing the loss as compared to the DFQW. This means that 
an equivalent-QW cannot attain both the A a and Stark shift (and thus residual loss) of 
a DFQW at the same time. As a consequence, the improvement of DFQW in terms of 
confinement and tunnelling sensitivity cannot be replaced by a single rectangular QW.
The required bias of the modulator can also be reduced by introducing an 
extensively interdiffused QW structure, such as Ld > 4nm, because the electron can 
tunnel out more easily as compared to the as-grown structure [2.23], and thus was 
found applications in high-speed modulators. In addition, DFQW can provide an 
adjustability of Aop. This suggests that a single substrate QW structure is only required 
with a selective interdiffusion process to develop electro-absorption modulators with 
different Aop. A multiple bandgap integrated structure can be realised for multiple- 
colours or wide bandwidth applications.
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B. InG aA sP/InP  D FQ W  M odulators
InP-based DFQW can also provide tunability in both Xop and modulation depth. 
For instance, a five period QWs with of 85A Ino.53Gao.47As well and 120A 
Ino.76Gao.24Aso.51Po.49 barrier DFQW can provide 80nm, 95nm and 120nm bandgap shift 
which depends on the extent of interdiffusion [2.70]. The modulation depth of the 
samples reduces, as shown in Fig. 2.23. At the optimum modulation wavelength of 
1522pm for the sample with 120nm shift, CR with a value of 20dB is obtained when 
the bias voltage is varied between +0.5V to -2.5V. The CR increases to 27dB using a 
sample with a less shift of 80nm. In another quaternary InGaAsP DFQW modulator
[2.71], the transition energy of C1-HH1 blue shifts with a value of 80 meV. CR of the 
modulator is 15dB under -6V bias. Consequently, although the modulation depth of 
the InP-based DFQW modulator reduces with interdiffusion, the value is large enough 
for modulation applications. The InP-based DFQW also provides extra properties of 
strains over lattice matched GaAs based materials. Two types of strain, compressive 
and tensile, in InGaAsP DFQW to offer blue-shift or red-shift in the exciton absorption 
peaks as discussed in Section 2.1.3. The engineering of these types of strain can act as 
another degree of freedom to modify the modulation properties.
A theoretical study reported that the transition energy, Xop and QCSE strongly 
depend on the quantum confinement [2.24] which can be indicated in terms of the 
interdiffused potential profile and subband wavefunctions. As Group III interdiffusion 
proceeds, the well shape is modified due to a large compressive strain created in the 
well layer near the interface, thus “miniwells” are generated at the interfaces [2.72], see 
Fig. 2.24 for Ino.6iGao.39Aso.84Po.i6/InP DFQW. All the confined electron states locate 
above the miniwells for interdiffusion up to Ld = 3nm and hence the wavefunction of 
C l is mainly localised at the centre of the well, see Fig. 2.24(a). On the other hand, the 
HH1 wavefunction localises in the miniwells with a double peak shape. As Ld —> 
1.5nm, the miniwells become sharper and deeper, where the splitting of double peaked 
HH1 becomes more pronounced, see Fig. 2.24(b). As interdiffusion proceeds further 
(1.5nm < Ld < 3nm), the amount of In atoms penetration into the well centre is large 
enough to create a more uniform alloy distribution to even out the strain energy. 
Consequently, the HH potential profile becomes much flatter and the miniwells are 
diminished. These force the HH1 wavefunction to be pushed out of the miniwells and
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re-localise at the centre of the well, as can be seen in Fig. 2.24(b). The eigenstates 
under an applied electric field are very similar in trend to the case of an unstrained 
interdiffused QW or square QW, see Fig. 2.25.
The potential profiles of the QWs can also be modified by Group V 
interdiffusion, see Fig. 2.26 for Ino.6iGao.39Aso.84Po.i6/InP DFQW. The diffused 
quaternary material modifies the confinement profile in the central well layer, at the 
same time, two extra triangular wells are generated in the two barriers near the 
interfaces [2.24]. Consequently, a “three-wells” potential profile is produced. When 
an electric field is applied to the Group V interdiffused QW structure, an interesting 
feature can be obtained. As interdiffusion initially proceeds, see Fig. 2.27, the central 
potential depth the central well maintains at a level as deep as that of the rectangular 
QW while the lower part of the central well becomes narrower. These contribute to a 
stronger confinement and a movement of the centre of the QW to the well centre (i.e. z 
= 0). This suggests that, in a biased well structure and as a result of diffusion, the HH1 
wavefunction moves towards the well centre from a position originally near the 
interface (when Ld = Onm), while the C l wavefunction remains roughly localised at the 
well centre, as shown in Fig. 2.27. As interdiffusion proceeds further to Ld = 2nm, 
more P penetrates into the centre of the well layer and thus causes the well depth to 
reduce. However, it should be noted that at this time, the HH potential depth of the 
two side-triangular-wells remains the same. Therefore, the HH1 wavefunction re­
distributes to a strong localisation in the triangular well while it only weakly localises in 
the central well (dash line). In all cases considered here, the C l wavefunction remains 
confined at the well centre (in fact, this feature maintains until Ld = 3nm). When Ld 
increases to 3nm, since the energy of the HH1 state is below the minimum potential of 
the well centre, this state is confined in the triangular well and thus the wavefunction 
(dotted dash line) is completely localised in the triangular well. All these variations will 
significantly modify the interband transition energy, kop and QCSE of the DFQW under 
Group V interdiffusion.
For the interband transition energy and Xop, Fig. 2.28(a) shows the C1-HH1 
transition energy (under zero bias) as a function of Group III diffusion length Ld for a 
range of P concentrations in the well layer. This figure can serve as a guideline
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(without considering the modulation properties) for selecting a particular initial as- 
grown composition that best suits a desired tunable Aop.
With the Group V interdiffusion of lattice-matched InxGai.xAsyPi_y/InP QW, the 
C1-HH1 (solid lines) and C1-LH1 (dash lines) transition energies of generally blue- 
shift, see Fig. 2.28(b), which is contrast to that of the Group III interdiffusion but the 
shift of transition energies reduces when P concentration increases. In addition, for the 
Group V interdiffusion, since tensile strain is produced in the well layer during 
interdiffusion [2.24], the HH1 and LH1 cross each other at a particular Group V 
interdiffusion extent. At the crossing, polarisation insensitive DFQW can be obtained.
The magnitude of QCSS is an important parameter for modulation. For the 
Group III interdiffusion, as listed in Table 2.1, the QCSS increases with Ld until 
diffusion becomes extensive; it is dominated by the variation of the HH1 state in the 
miniwells. As Ld increases to 1.5nm (under a bias of lOOkV/cm), this HH1 state is 
attracted to the bottom of the deepened left-hand side miniwell, as shown in Fig. 2.25. 
This creates a large shift of the HH1 state, see Table 2.2, and thus the bandedge shifts 
accordingly. When Ld > 1.5nm, the depth of the entire well increases while the 
miniwell shape flattens out; this reduces the shift of HH1 state and contributes to a 
reduced QCSS. Under the Group V interdiffusion, QCSS of the low-P material system 
reduces when Ld —> 1.5nm and then increases when Ld —> 2nm. This is due to an 
enhanced quantum confinement initially, followed by a weakened confinement.
Consequently, the InGaAsP/InP DFQW can provide strains to modify the 
optical properties, which the lattice-matched AlGaAs/GaAs DFQW cannot offer. The 
InP-based DFQWs have a potential to develop the modulators operating at 1.55|iim 
while AlGaAs/GaAs DQFW can provide a strong electro-optical change. Recently, 
these two materials systems have been used to develop integrated lasers and 
modulators [2.73, 2.15], although the physics and technology of the DFQW for 
development OEIC are still not complete. Therefore, research in DFQW 
optoelectronic integration is still required to realise OEIC.
2 .4  S u m m a r y
In this chapter we have reviewed different types of QW structures which 
include lattice-matched QW, strained QW and DFQW, the physics of SAW optical
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properties and their application in optical devices, as well as the development of optical 
QW and DFQW modulators using reverse bias.
For the SAW technology, optical modulators and filters can be developed by 
propagating the optical beam normal to and in direction to the SAW propagation 
respectively. The use of III-V semiconductor can improve the modulation 
performance as compared to that of L iN b03 SAW devices. With a piezoelectric thin 
film such as ZnO on the device surface, the SAW generation efficiency and thus the 
performance of the SAW devices can be further improved. Conventionally, SAW 
optical modulators and filter rely on the reflective index change due to the elasto-optic 
and electro-optic effects of SAW. The widely adopted equations for determining the 
refractive index change are obtained through a first order (linear) approximation which 
can be used to predict the change of optical properties of SAW bulk devices. 
However, for the QW structures, the exciton (nonlinear) optical properties cannot be 
described using these equations. In addition, the SAW modulators using a more 
complicated structure, III-V semiconductor heterostructure and QW are still not 
completely understood. Here, we will discuss the SAW effects on the optical 
properties of QW structures and optimise the SAW-QW modulators.
Interdiffusion of lattice-matched QW, such as AlGaAs/GaAs QW, changes its 
optical properties and tune the operating wavelength of modulators. For weak 
interdiffusion (Ld < 2nm), the change of optical properties and the performance of QW 
modulators can be enhanced while, for extensive intediffusion (Ld > 4nm), the QCSS 
can be increased. Intediffusion of InGaAsP/InP QW induces strains which provide an 
extra degree of freedom to optimise the optical properties and thus the performance of 
the modulators. Using selective area QW interdiffusion, due to the modification of the 
refractive index of the material, waveguides can be developed. Moreover, optical 
devices, such as lasers, modulators and waveguides can be integrated to form OEICs 
using intediffusion. However, the effects of DFQW as cladding regions of waveguides 
has not been given in detail. Here, it will be addressed through the study of a phase 
modulator with disorder delineated optical confinement. In addition, we also proposed 
to use DFQW to produce polarisation insensitive optical properties for use in 
polarisation insensitive c^i^en’and modulators.
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Table 2.1 The quantum confined Stark shift of Ino.6iGao.39Aso.s4Po.i6/InP DFQW with 
Lz of lOnm [2.24].
Stark Shift (meV)
Ld (nm) Group III Group V
0 21 21
1 33 9
1.5 34 20
2 33 18
3 28 26
Table 2.2 The shift of C l and HH1 state, and Stark Shift o f the DFQW with Lz of 10 
nm and as-grown P = 0.164 in well [2.24].
Ld
(nm)
shift of C l 
(meV)
shift of HH1 
(meY)
Stark Shift 
(meV)
0 5 15 21
1.5 6 28 34
3 5 23 28
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Fig. 2.1
Fig. 2.2
GaAs AlAs Q uantum -W ell  S t r u c t u r e .  
AlAs GaAs
(a)
conduct io n  b a n d
growth direct ion
----------->-r
Z E c ^ l .  35  eV
( b )  
valence  band
- A
L b
Egj  ~ T r i E y ' - ' 0 . 2 4  eV
GaAs/AlAs QW structure, (a) Layer structure, z-direction is the growth 
direction, (b). Energy band structure for conduction and valence band. [2.8]
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v _O)
C
CD
E]hh_
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\
densit y -o f -s fa tes  j ? ( E )
Density of states as a function of energy for a QW structure (solid line) and 
for a bulk crystal (dash line). [2.8]
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Fig. 2.3 Optical absorption spectrum measured at 300K for a GaAs (8.3nm)~AlAs 
(9.3nm) QW (solid line). Optical absorption spectrum for high purity bulk 
GaAs is also shown for comparison (dash line). [2.8]
3j8
_i_____ i-------- 1---------1---------1----
1.3 1.4 1.5 1.6 1.7
PHOTON E N E R G Y  (eV)
Fig. 2.4 Refractive index spectra for four different GaAs/AlAs QW (solid lines) with 
different well width shown in parentheses (well width, barrier width) but 
same average aluminium content = 0.55±0.03. For comparison, refractive 
index spectra for bulk GaAs (dash line) and Alo.55Gao.45As (dot line) are 
shown. [2 .8]
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(a) Compressively Strained Layer (b) Tensile Strained Layer
Fig. 2.5 A schematic representation of the growth o f (a) a compressive strained layer 
in which the bulk lattice constant of the over-layer is larger than that of the 
substrate, and (b) a tensile strained layer in which the lattice constant of the 
over-layer is smaller than that of the substrate. The over-layer must match 
the in-plane lattice constant of the substrate.
biaxial tensile strain unstrained biaxial compressive strain
Fig. 2.6 Schematic diagram of energy bands in semiconductor quantum well near the 
Brillouin zone centre; unstrain (centre), under a biaxial strain (right), and 
under biaxial tensile strain (left). kx represents the growth direction wave- 
vector, while k// represents the in-plane wave-vector.
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PHOTON ENERGY (eV)
i
Fig. 2.7 Zero-bias waveguide absorption spectra for WG1 (as-grown), WG2 (985°C, 
28s RTA) with (a) incident laser TE polarised, and (b) incident laser TM 
polarised. The intermixing-induced band-edge shifts are clearly seen, as in 
the absorptive polarisation anisotropy. [2.65]
wavelength,  pm 163971]
Fig. 2.8 Room temperature PL emission spectra of multiple QW samples after Zn 
diffusion at various temperatures, i.e. Group III only interdiffusion. [2.27]
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1.35 1.40 1.45 1.50 1.55
W a v e l e n g t h  ( j i m )
Fig. 2.9 PL spectra of as-grown and annealed samples of Ino.53Gao.47As/InP QWs 5, 
7.5, 10 and 20 nm wide at 4.2K. Annealing was for 2 hours at 650°C.
[2.30]
ACOUSTIC PORT b 
/ / / / / /
L
PIEZOELECTRIC
SUBSTRATE
Fig. 2.10 Schematic view of the interdigital electrode, SAW transducer. [2.39].
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X:
SA W
x
Fig. 2.11 The co-ordinates used for SAW propagation. The x2-x3 plane is the sagittal 
plane of the wave. The x r x3 plane represents the interface between a region 
of vacuum for x2>0, and a piezoelectric material in the half-space ^<0.
x3[110]
t / ,  y 7> z / /  y
Fig. 2.12 Illustration of the transformation of the crystallographic coordinate system 
into co-ordinate system adopted for the SAW analysis, (a) The SAW 
propagates in the [100] on the [001] GaAs. (b) The SAW propagates in the 
[110] on the [001] GaAs.
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 ---Incident  r-
Light ^0 i = Ob
.Active Bragg Diffraction Grating
(K,«a)
Bragg-Diffracted Light 
< . “d)
Undiffracted Light 
^ p “ i>
Modulating Wave
F ig .  2 .1 3  C o n f i g u r a t io n  a n d  p a r a m e t e r s  o f  m o v in g  a c t i v e  B r a g g  d i f f r a c t io n  g r a t in g .
[2 .5 2 ]
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F ig .  2 .1 4  W id e - b a n d  B r a g g  d i f f r a c t io n  m o d u la t o r s ,  ( a )  u s in g  s e v e r a l  id e n t ic a l  S A W  
tr a n s d u c e r s  [2 .4 6 ]  a n d  ( b )  u s in g  s e v e r a l  d i f f e r e n t  S A W  tr a n s d u c e r s .  [2 .4 7 ]
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F ig .  2 .1 5  S c h e m a t ic  d ia g r a m  o f  d i f f e r e n t  o p t i c a l  d e v ic e s  w h e r e  th e  o p t i c a l  f i e ld  
p r o p a g a t e s  in  th e  s a m e  d i r e c t i o n  a s  th e  S A W .  ( a )  d i r e c t io n a l  c o u p l e r  [ 2 .5 0 ] ,  
a n d  ( b )  tu n a b le  f i l t e r  [2 .5 1 ]
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F ig .  2 .1 6  A b s o r p t i o n  s p e c t r a  a t v a r io u s  e l e c t r i c  f i e ld s  o f  th e  p a r a l l e l - f i e ld  s a m p le  ( a  
b u lk  m a te r ia l  f e a tu r e  a t r o o m  t e m p e r a t u r e ) ,  ( a )  O V / c m , ( b )  1 6  k V / c m ,  ( c )  
4 8  k V / c m .  [2 .7 ]
PHOTON ENERGY (eV)
F ig .  2 .1 7  A b s o r p t i o n  s p e c t r a  a t v a r io u s  e l e c t r i c  f i e ld s  o f  th e  p e r p e n d ic u la r  f i e ld  sa m p le  
( a  Q W  fe a tu r e  a t r o o m  t e m p e r a t u r e ) ,  ( a )  ~ 1 0 V / c m ,  ( b )  - 4 7  k V / c m ,  ( c )  - 7 :  
k V / c m .  [2 .7 ]
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F ig . 2 .1 8  S c h e m a t ic  v i e w  o f  s a m p le  u s e d  in  M Q W  a b s o r p t io n  e x p e r im e n t s .  T h e  
q u a n tu m  w e l ls ,  in  th e  “ M Q W  A c t i v e ” , a r e  in  th e  c e n t r e  o f  a  p - i - n  d e v i c e ,  
w h ic h  is  o p e r a t e d  b a c k - b ia s e d .  T h e  e l e c t r i c  f i l e d  p r o f i l e  c a lc u la t e d  in  th e  
d e p le t i o n  a p p r o x im a t io n  a t t w o  d i f f e r e n t  a p p l ie d  v o l t a g e ,  is  s h o w n  in  th e  
l o w e r  h a l f  o f  th e  f ig u r e .  L i g h t  p r o p a g a t e s  p e r p e n d ic u la r  t o  th e  M Q W  la y e r s .  
[ 2 .4 ]
F i g . 2 .1 9  S c h e m a t ic  v i e w  o f  w a v e g u id e  c o n f i g u r a t i o n  m o d u la t o r .  “ S L ”  s ta n d s  f o r  
“ s u p e r la t t ic e ” . T w o  M Q W ’ s 9 .4 n m  th ic k  w e r e  p la c e d  in  th e  c e n t r e  o f  a  p - i-n  
d e v ic e .  L i g h t  w a s  c o n f in e d  in  th e  p la n e  o f  th e  la y e r s  b y  a  w a v e g u id e .  
T h e  d e v i c e  a c t i v e  in t e r a c t io n  le n g th  ( L )  is 1 5 0 p m  a n d  d e v i c e  w id t h  ( W )  o f  
4 0 p m .  [2 .4 ]
41
Chapter 2
Electric Field (kV/cm)
F ig . 2 . 2 0  T h e  e l - h h l  p o s i t i o n  a s  a  fu n c t io n  o f  e l e c t r i c  f i e ld  f o r  th e  a s - g r o w n  ( □ )  a n d  
th r e e  a n n e a le d  M Q W  s a m p le s  b y  u s in g  I F V D .  T h e  fu l l  c u r v e s  r e p r e s e n t  th e  
c a lc u la t e d  t h e o r e t i c a l  S t a r k  s h if ts .  A n n e a l in g  t im e s  9 0 s  ( + ) ,  1 2 0 s  ( A )  a n d  
1 5 0 s  ( x ) .  [2 .1 4 ]
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F ig .2 .2 1  T E  m o d e  a b s o r p t io n  s p e c t r a  o f  ( a )  a s - g r o w n  Q W  a n d  ( b )  D F Q W  (a n n e a l in g  
t e m p e r a tu r e  9 8 5 ° C ,  a n n e a l in g  t im e  2 8 s  R T A )  as  a  fu n c t io n  o f  a p p l ie d  
v o l t a g e  ( i )  0 , ( i i )  - 7 . 5 V ,  ( i i i )  - 1 I V ,  ( i v )  - 1 4 V ,  a n d  ( v )  - 1 8 V .  [ 2 .6 5 ]
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F ig . 2 .2 2  T h e  e f f e c t s  o f  A l  c o n c e n t r a t io n  x  a n d  a s - g r o w n  w e l l  w id t h  ( L z)  o n  th e  
a b s o r p t io n  c h a n g e  o f  A l xG a i_ xA s / G a A s  D F Q W s .  ( a )  x  =  0 .3  a n d  L z =  8 n m , 
( b )  x  =  0 .3  a n d  L z =  lO n m ,  ( c )  x  =  0 .2  a n d  L z  =  1 2 n m , ( d )  x  =  0 .3  a n d  L z =  
1 2 n m , a n d  ( e )  x  =  0 .4  a n d  L z =  1 2 n m , in  d i f f e r e n t  L d f r o m  0  t o  4  n m  s t e p p e d  
b y  1 n m . L d =  0  ( s o l i d  l in e ) ,  L d =  1 n m  ( d o t  l in e ) ,  L d =  2  n m  (d a s h  l in e ) ,  L d 
=  3 n m  ( l o n g  d a s h  l i n e )  a n d L d =  4  n m  (d o t t e d  d a s h  l i n e ) .  [2 .2 3 ]
Wavelength (nm)
F i g . 2 . 2 3  M o d u la t i o n  d e p th  w h e n  b ia s  v o l t a g e  w a s  v a r ie d  b e t w e e n  + 0 . 5 V  a n d  - I V  
p lo t t e d  a s  a  fu n c t io n  o f  w a v e l e n g t h  f o r  th r e e  s a m p le s  w h ic h  h a d  u n d e r g o n e  
d i f f e r e n t  b a n d g a p  s h if t s :  — O —  s h if t s  8 0 n m , — 0—  s h if ts  9 5  n m , a n d  
— D — s h if t s  1 2 0 n m . [ 2 . 7 1 ]
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F i g . 2 .2 4  ( a )  T h e  c o n d u c t io n  b a n d  p o t e n t ia l  p r o f i l e s ,  a n d  fu s t  e l e c t r o n  C l  w a v e fu n c t io n  
s q u a r e  o f  th e  In xG a i . xA s yP i . y/ In P  G r o u p  I I I  d i f fu s e d  Q W s  w i t h  L z =  lO n m  a n d  
L d =  0  ( s o l i d  l in e ) ,  L d =  1 .5 n m  ( d o t  l in e ) ,  a n d  L d =  3 n m  (d a s h  l in e )  w h e r e  1 -y  
=  0 .1 6  a n d  u n d e r  z e r o  b ia s .  T h e  m a te r ia l  s y s t e m  is  la t t i c e - m a t c h e d  b e f o r e  a n y  
in t e r d i f fu s io n .  ( b )  T h e  h e a v y  h o le  H H  p o t e n t ia l  p r o f i l e s ,  a n d  f i r s t  h e a v y  h o le  
H H 1  w a v e f u n c t i o n  s q u a r e  o f  th e  s a m e D F Q W s .  [2 .2 4 ]
F ig .2 .2 5  T h e  b ia s e d  ( F  =  1 0 0  k V / c m )  C  a n d  H H  p r o f i l e s  as  w e l l  as  C l  a n d  H H 1  
w a v e fu n c t io n  s q u a r e  o f  I n xG a i . xA s yP | .y/ In P  D F Q W  w i t h  L d =  1 .5  n m  (d o t  
l i n e )  a n d  3 n m  (d a s h  l i n e )  w h e r e  1 -y  =  0 .1 6 .  [2 .2 4 ]
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F i g . 2 .2 6  T h e  G r o u p  V  in t e r d i f fu s io n  f o r  th e  I n xG a i . xA s yP i_ y/ In P  Q W s  w i t h  L z  =  lO n m  
a n d  L d =  0  ( s o l i d  l in e ) ,  L d =  1 .5 n m  ( d o t  l in e ) ,  a n d  L d =  3 n m  (d a s h  l in e )  
w h e r e  1 - y  =  0 .1 6  a n d  u n d e r  z e r o  b ia s . T h e  m a te r ia l  s y s t e m  is  la t t i c e -  
m a tc h e d  b e f o r e  a n y  in t e r d i f fu s io n ,  ( a )  C o n d u c t io n  b a n d , ( b )  V a l e n c e  b a n d .  
[ 2 .2 4 ]
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F ig .2 .2 7  T h e  b ia s e d  ( F  =  1 0 0  k V / c m )  f o r  th e  c a s e  in  F ig .  2 .2 8 .  T h e  d i f fu s io n  le n g th s  
a r e  L d =  0  ( s o l i d  l in e ) ,  L d =  1 .5 n m  ( d o t  l in e ) ,  L d =  2 n m  (d a s h  l in e ) ,  a n d  L d =  
3 n m  (d o t - d a s h  l i n e ) ,  ( a )  C o n d u c t i o n  b a n d ,  ( b )  V a l e n c e  b a n d .  [ 2 .2 4 ]
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Diffusion length (nm)
F ig . 2 .2 8  ( a )  T h e  C 1 - H H 1  t r a n s it io n  e n e r g ie s  in  d i f f e r e n t  e x t e n t  o f  g r o u p  I I I  o n e  
p h a s e  in t e r d i f fu s io n  w i t h  L z =  lO n m  a n d  L d r a n g e d  f r o m  0  t o  4 n m . T h e  
c o n s id e r e d  m a te r ia l  s y s t e m  is  In x G a u x A s y P i . / In P  w i t h  P| .y =  0 .1 0 ,  0 .1 6 ,  
0 .2 3 ,  0 .3 0 ,  0 .3 6 ,  0 .4 3 ,  0 .4 9 ,  0 .5 6 ,  0 .6 3 ,  0 .6 9 ,  0 .7 6 ,  0 .8 2 ,  0 .8 9 ,  a n d  0 .9 6  
f r o m  l o w e s t  t o  h ig h e s t  d o t t e d  l in e s ,  ( b )  T h e  C 1 - H H 1  ( d o t  l in e s )  a n d  C l -  
L H 1  ( l o n g  d a s h e d  l in e )  t r a n s i t io n  e n e r g y  f o r  th e  s a m e  m a te r ia ls  in  ( a )  u n d e r  
d i f f e r e n t  e x t e n t  o f  g r o u p  V  o n e  p h a s e  in t e r d i f fu s io n  r a n g e d  f r o m  L d =  0  t o  
4 n m .  [2 .2 4 ]
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Chapter 3 
Modelling of Surface Acoustic Waves, 
Diffused Q u a n t u m  Well Structures, a n d  
their Optical Properties
T h is  c h a p t e r  c o n s is t s  o f  f o u r  p a r ts .  T h e y  a r e  th e  m o d e l  o f  ( 3 . 1 )  th e  
p r o p a g a t i o n  o f  s u r fa c e  a c o u s t ic  w a v e s ,  ( 3 . 2 )  s u b la t t ic e  p r o f i l e  o f  A lG a A s / G a A s  a n d  
I n G a A s P / In P  d i f fu s e d  Q W ,  ( 3 . 3 )  Q W  s u b b a n d  s t r u c tu r e ,  a n d  ( 3 . 4 )  Q W  o p t i c a l  
p r o p e r t i e s  in c lu d in g  a b s o r p t io n  c o e f f i c i e n t ,  r e f r a c t i v e  in d e x ,  a n d  o p t i c a l  g a in .
3 .1  S u r f a c e  A c o u s t i c  W a v e  M o d e l
T h e  p r o p a g a t io n  o f  th e  S A W  is  g o v e r n e d  b y  t w o  f i e l d  e q u a t io n s  as  d is c u s s e d  in  
C h a p t e r  2 ;  th e  p a r t ic le  d is p la c e m e n t  f i e l d  in  a n  e la s t ic  m e d iu m  a n d  th e  e l e c t r i c  
d is p la c e m e n t  e q u a t io n  in  a  m e d iu m  [3 . 1 ] .  I n  a n  e la s t ic  m u l t ip le  l a y e r  s t ru c tu r e ,  th e  
m o t i o n  e q u a t io n  o f  p a r t ic le s  i s  g i v e n  a s  :
dTs 3 2«,
(3 -1}
w h e r e  T y ,  uj a n d  x j a r e  c o m p o n e n t s  o f  th e  s t r e s s  t e n s o r ,  t h e  p a r t i c l e  d is p la c e m e n t  a n d  
th e  s p a t ia l  d i r e c t io n ,  r e s p e c t i v e l y ,  w i t h  th e  in d ic e s  i  a n d  j  la b e l l in g  th e  s p a t ia l  c o ­
o r d in a t e s  1 ,2  a n d  3 . T h e  s u m m a t io n  o v e r  r e p e a t e d  in d ic e s  is  im p l ie d .  T h e  
e l e c t r o m a g n e t i c  w a v e  p r o p e r t i e s  o f  S A W  a r e  d e s c r ib e d  b y  M a x w e l l ’ s e q u a t io n s  w h ic h  
g o v e r n  th e  e l e c t r i c  f i e ld s  a n d  e l e c t r i c  d is p la c e m e n ts  o f  S A W .  U n d e r  a  q u a s i- s t a t ic  
a p p r o x im a t io n ,  th e  e l e c t r i c  d is p la c e m e n t  e q u a t io n  in  a  m e d iu m  o f  n o  f r e e  c h a r g e s  is  
g i v e n  as :
a D.
3 - ^  =  0  ( 3 . 2 )
O Xj
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w h e r e  D  is  th e  e l e c t r i c  d i s p la c e m e n t  f i e l d .
T h e  s tr e s s  T y  a n d  d is p la c e m e n t  f i e l d  D j  a r e  a ls o  e x p la in e d  b y  th e  c o n s t i t u t iv e  
r e la t io n s  as  f o l l o w s :
0  uk d (p
3 —  + ew TT~  o x, 6 x.Tii = c m - y  + e F -  (3.3)
d uk d tp
i =  e i"a - ^  -  8 » a "  (3 '4)a x ,  o x ,
w h e r e  C ,  8 , e  a r e  th e  s t i f fn e s s  t e n s o r ,  p e r m i t t i v i t y  t e n s o r  a n d  p i e z o - e l e c t r i c  t e n s o r  
r e s p e c t i v e l y  a n d  u  a n d  (p a r e  th e  p a r t ic le  d is p la c e m e n t  a n d  e l e c t r i c  p o t e n t ia l  
r e s p e c t i v e ly .  I n  o r d e r  t o  s o l v e  th e  t w o  f i e l d  e q u a t io n s  in  m u lt ip le  la y e r s ,  t h e  b o u n d a r y  
c o n d i t io n s  a t  t h e  l a y e r  in t e r fa c e s  a r e  c o n s id e r e d .  T h e y  a r e  ( a )  th e  n o r m a l  c o m p o n e n t  
o f  b o t h  th e  s t r e s s  a n d  th e  e l e c t r i c  d is p la c e m e n t  a n d  th e  t a n g e n t ia l  c o m p o n e n t  o f  th e  
s tr a in  a n d  th e  e l e c t r i c  f i e l d  a r e  c o n t in u o u s ;  ( b )  th e  n o r m a l  c o m p o n e n t  o f  t h e  s tr e s s  a t 
th e  s u r fa c e  s h o u ld  b e  z e r o .
T o  s im p l i f y  t h e  m o d e l l in g  in  th e  s e m i- in f in i t e  d o m a in  w h e r e  t h e  u p p e r  h a l f  is  a ir  
a n d  th e  l o w e r  h a l f  is  t h e  m u l t ip le  l a y e r  s t r u c tu r e ,  th e  L a g u e r r e  p o l y n o m ia l  [ 3 . 2 ]  is  u s e d  
t o  e x p r e s s e d  th e  p a r t i c l e  d is p la c e m e n t  u  a n d  e l e c t r i c  p o t e n t ia l  <j> a n d  th e  d o m a in  is  
t r a n s fo r m e d  f r o m  r e a l  s p a c e  t o  k - s p a c e  th a t
uj = TjPi  K & ^ e x p f a , )  ( 3 . 5 )
m=0
<i> =  S ^ l mf e ) ) exp ( ^ i )  c3 -6)
m-0
w h e r e  \m(q2j) —  e x p ( - g 2 / 2)Lm(q2)l ml a n d  L m  is  th e  m th L a g u e r r e  p o ly n o m ia l ,  q
r e p r e s e n t s  a  c h a n g e  o f  v a r ia b le  f r o m  Xj ( r e a l  s p a c e )  t o  k^., ( k - s p a c e )  w h e r e  k  is  th e  
m a g n itu d e  o f  t h e  w a v e  v e c t o r  in  th e  p r o p a g a t io n  d i r e c t io n .  A l t h o u g h  th e s e  
s u m m a t io n s  i n v o l v e  a n  in f in i t y  o f  t e r m s ,  in  p r a c t i c e  a f t e r  a  f in i t e  n u m b e r  th e  
c o n t r ib u t io n  o f  e a c h  n e w  t e r m  b e c o m e s  n e g l i g ib l e  a n d  a  f in i t e  s u m  c a n  b e  u s e d .  T h e  
e f f e c t i v e  m a t e r ia l  t e n s o r s  o f  m u l t i - l a y e r  s t ru c tu r e  in  k - s p a c e  a r e  w r i t t e n  a s
N
= c)m +  -  C f m q 2 -  ( 3 . 7 )
Z,=l
e S  = 4  + S ( 4 - 4 " 1)0f e - % )  (3-8)
L=1
48
Chapter 3
4 *  = e i / + £ ( e i “ 8 S rl ) 0 t e 2 - * f r z . )  ( 3 . 9 )
L= 1
PM = p ' + S ( P ,' - P !" 1) 9 f e - % )  (3-10)
L=1
w h e r e  s u p e r s c r ip t  M  in d ic a t e s  th a t  th e  m a te r ia l  t e n s o r s  a r e  m u l t i - la y e r e d  m a te r ia l  
t e n s o r s  w h ic h  e q u a ls  t o  th e  s u m m a t io n  o f  th e  m a te r ia l  t e n s o r s  u p  t o  t h e  N lh la y e r .  0  is  
a  s te p  fu n c t io n  t o  d e a l  w i t h  th e  b o u n d a r y  c o n d i t io n s .
T h e  t w o  f i e l d  e q u a t io n s  t o g e t h e r  w i t h  th e  t w o  c o n s t i t u t i v e  r e la t io n s  a n d  th e  
b o u n d a r y  c o n d i t i o n s  in  k - s p a c e  c a n  b e  r e w r i t t e n  in  an  e i g e n v a lu e  p r o b l e m  a n d  s o l v e d  :
■ n p ‘,=[Atpi(3 - ID
w h e r e  th e  e ig e n v a lu e  r\ is  th e  s q u a r e  o f  th e  S A W  v e l o c i t y ,  p fo  is  th e  e i g e n v e c t o r .  [ A ]  
is  a  2 4 x 2 4  e ig e n - m a t r ix ,  i . e .  a  3 x ( N + l )  w h e r e  N  is  th e  h ig h e s t  n u m b e r  o f  p o l y n o m ia l  
u s e d ,  w h ic h  is  a  c o m p le x  m a t r ix  i n v o l v in g  th e  m a te r ia l  t e n s o r s  a n d  o v e r l a p  fu n c t io n s  o f  
th e  d i f f e r e n t ia t e d  L a g u e r r e  p o ly n o m ia ls  [ 3 .1 ] .  T h e  in d ic e s  m  a n d  1 r a n g e  f r o m  z e r o  t o  
th e  h ig h e s t  n u m b e r  o f  p o l y n o m ia l  u s e d .  D e t a i l s  o f  th e  fu l l  a n a ly s is  o f  t h e  p r o c e d u r e  a r e  
g i v e n  in  r e fs .  [ 3 .1 ]  a n d  [3 .3 ] .
3 .2  S u b l a t t i c e  P r o f i l e s  o f  D i f f u s e d  Q u a n t u m  W e l l s
F o r  A l xG a i_ xA s / G a A s  Q W ,  c a lc u la t io n s  a r e  m a d e  u n d e r  F i c k ’ s l a w  o f  d i f fu s io n  
t o  d e t e r m in e  th e  c o m p o s i t i o n  p r o f i l e  x ( z )  [ 3 .4 ] .  T h is  m o d e l  le a d s  t o  e r r o r  fu n c t io n  
s o lu t io n s :
Ii 1 {  Lz+2Z1 f k ~ 2 z )
11
erf + erf
1 2 K > J
w h e r e  x  is  th e  a s - g r o w n  A l  m o le  f r a c t io n  in  th e  b a r r ie r ,  L z is  th e  a s - g r o w n  w e l l  w id t h  
o f  th e  Q W ,  z  is  b o t h  th e  q u a n t is a t io n  a n d  th e  g r o w t h  a x is  ( Q W  c e n t r e d  a t z  =  0 ) ,  a n d  
erf d e n o t e s  th e  e r r o r  fu n c t io n .  T h e  e x t e n t  o f  th e  in t e r d i f fu s io n  p r o c e s s  is  c h a r a c t e r is e d  
b y  a  d i f fu s io n  le n g th  L d, w h e r e  L d =  ( D t ) 1/2, a n d  D  a n d  t a r e  th e  in t e r d i f fu s io n  
c o e f f i c i e n t  a n d  th e  a n n e a l in g  t im e  r e s p e c t i v e ly .  T h e  s q u a r e  o f  th is  le n g th  r e p r e s e n t s  
h a l f  o f  th e  v a r ia n c e  o f  th e  in t e r d i f fu s io n  d is t r ib u t io n  in  a  l in e a r  f l o w  s itu a t io n  ( i . e .  L d2 =  
1/2 v a r ia n c e ,  a n d  L d =  s ta n d a r d  d e v ia t io n / V 2 ) .  I t  s h o u ld  b e  n o t e d  th a t  th e  a s - g r o w n  
Q W  is  d e f in e d  as  I<i =  0 . T h e  D F Q W  p o t e n t ia l  p r o f i l e  is  s h o w n  in  F i g . 8 . I  o f  c h a p t e r  8 .
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F o r  I n xG a i „ xA s / In P  Q W ,  w e  w i l l  f o c u s  o n  th e  g r o u p  V  in t e r d i f fu s io n .  T h e  
m o d e l  o f  th e  in t e r d i f fu s io n  is  g r o u p  V  t w o - p h a s e  in t e r d i f fu s io n  m e c h a n is m  [3 .5 ,  3 .6 ]  
w h e r e  o n ly  th e  g r o u p  V  e le m e n t s  in  I n G a A s P ,  i .e .  A s  a n d  P  a r e  in v o l v e d  a n d  th e  
d i f fu s io n  c o e f f i c i e n t s  o f  th e s e  e le m e n t s  in  b a r r ie r s  a n d  w e l l s  a r e  d i f f e r e n t  s o  th a t  th e  
“ t w o - p h a s e ”  in t e r d i f fu s io n  is  o b t a in e d .  F o r  a  Q W  h e t e r o s t r u c tu r e ,  w h e r e  th e  I n G a A s  
w e l l  is  s a n d w ic h e d  b e t w e e n  t w o  I n P  b a r r ie r s ,  th e  in t e r d i f fu s io n  p r o c e s s  c a n  b e  
r e p r e s e n t e d  b y  a  s e t  o f  d i f fu s io n  e q u a t io n s  r e s p e c t i v e l y  f o r  e a c h  d i f f e r e n t  s p e c ie s .  T h is  
is  d e f i n e d  as  f o l l o w s :
w h e r e  z is  th e  g r o w t h  d i r e c t io n ,  t is  th e  a n n e a l in g  t im e ,  th e  i s u b s c r ip t  d e n o t e s  th e  
b a r r ie r  f o r  |z| >  L  o r  t h e  w e l l  f o r  \z\ <L. L  is  t h e  p o s i t io n  o f  t h e  a s - g r o w n  Q W  in t e r f a c e  
f i o m  th e  w e l l  c e n t r e  ( z = 0 ) ;  C, a n d  D  a r e  th e  c o n c e n t r a t io n  o f  th e  d i f fu s io n  s p e c ie s ,  a n d  
t h e ir  d i f fu s io n  c o e f f i c i e n t s  r e s p e c t i v e l y .  I n  s o l v in g  th is  p a r t ia l  d i f f e r e n t ia l  e q u a t io n ,  t w o  
c o n t in u i t y  c o n d i t io n s  m u s t  b e  s a t is f i e d  a t th e  w e l l/ b a r r ie r  in t e r fa c e s  ( i . e .  z =  ± L ) ,  
n a m e ly
E q u a t io n  ( 3 . 1 4 )  m o d e ls  th e  d is c o n t in u o u s  ( f c £ l )  c o n c e n t r a t io n  a t th e  in t e r fa c e  w h i l e  
e q u a t io n  ( 3 . 1 5 )  e x p r e s s e s  th e  f lu x  c o n t in u i t y .  F u r th e r  d e t a i ls  h a v e  b e e n  t h o r o u g h ly  
d is c u s s e d  e l s e w h e r e  [ 3 . 6 ] .  E q u a t io n  ( 3 . 1 3 )  is  s o l v e d  u s in g  a  f in i t e  d i f f e r e n c e  m e t h o d  
t o  o b t a in  th e  c o n c e n t r a t io n  d is t r ib u t io n  o f  th e  d i f fu s e d  s p e c ie s  a f t e r  a n  a n n e a l in g  t im e  t. 
T h is  c o n c e n t r a t io n  r a t io  g i v e s  t h e  s p a t ia l  m o la r  f r a c t io n  ( c o m p o s i t i o n )  o f  th e  
in t e r d i f fu s e d  A s  c o n c e n t r a t io n  ( y )  in  th e  In  G a ,  A s ^ P ^ y  Q W  s tru c tu r e .  T h e
n o ta t io n  is  th e  c o n c e n t r a t io n  o f  th e  I n  a t o m s  (G r o u p  I I I  c o m p d s i t i o n )  a n d  s in c e  th e  
in t e r d i f fu s io n  o n ly  i n v o l v e s  G r o u p  V  c o m p o s i t i o n ,  x„ is  a  f i x e d  c o n s ta n t .  T h e  m o la r  
f r a c t io n s  xQ a n d  y  a r e  u s e d  t o  d e t e r m in e  th e  m a te r ia l  p a r a m e t e r s  in c lu d in g  th e  
e f f e c t i v e  m a s s  o f  c a r r ie r s  a n d  p o t e n t ia l  p r o f i l e s  in  m o d e l l in g  th e  Q W  s u b b a n d  
s t ru c tu r e s .  T h e  in d u c e d  t e n s i le  s tr a in  in  w e l l s  d e p e n d s  s t r o n g l y  o n  th e  e x t e n t  o f  th e  
in t e r d i f fu s io n .  T h e  v a r io u s  s t a g e s  o f  in t e r d i f fu s io n  c a n  b e  o b t a in e d  b y  v a r y in g  th e
a c . ( z .O
— L-------=  D  ------ 1------- (3 . 1 3 )
D,barrier ( 3 . 1 5 )
( 3 . 1 4 )
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a n n e a l in g  t im e  a n d  t e m p e r a tu r e ,  w h e r e  th e  t e m p e r a tu r e  
c o e f f i c i e n t s .
airects tne diftusion
3 .3  S u b b a n d  S t r u c t u r e s  o f  Q u a n t u m  W e l l s
F o r  a Q W  s t ru c tu r e ,  th e  c o u p l in g  o f  H H  a n d  L H  is  c o n s id e r e d  u s in g  th e  4 x 4  
L u t t in g e r - K o h n  H a m i l t o n ia n  [ 3 . 7 ] .  W i t h  th e  e f f e c t i v e  m a s s  t h e o r y ,  th e  H a m i l t o n ia n  
f o r  th e  D F Q W  v a l e n c e  b a n d  c a n  b e  w r i t t e n  as  :
rP + Q  + VHH(z) a  - B
Q* P - Q  + VLH (z) 0
-B*  0  P ~ Q  + Vlh(z)
0  B* Q*
\0 
B 
Q
P + Q  + VHH(Z);
( 3 . 1 6 )
w h e r e
h 7 t f
V HH( z )  =  V v ( z )  -  | e  | F z  +  | e  | < p (z ) -  (1-QC)SX(* ( z ) ,  y ( z ) )  +  S//HH(* ( z ) ,  y ( z ) )  
V LH( z )  =  V v ( z )  -  | e  ] F z  +  | e  | c p (z )  -  (l-Q c)Sx(x ( z ) ,  y ( z ) )  +  S//Lh( x ( z ) ,  y ( z ) )
ha  =  —
-  a/3
- Y (kx -ik,)2 - ~ - ( y 3 - V 2X k x +iky)2
h
5  =  v 3 — Y 3(kx -ik )  
/n„ J
- i
dz
w h e r e  z  d e n o t e s  th e  g r o w t h  d i r e c t io n ,  V v ( z )  is  th e  p o t e n t ia l  p r o f i l e  o f  th e  v a l e n c e  
b a n d  a n d  F  a n d  (p ( z )  a r e  th e  a p p l i e d  e l e c t r i c  f i e l d  a n d  th e  p o t e n t ia l  d u e  t o  c a r r ie r s  
r e s p e c t i v e l y .  Q c is  th e  c o n d u c t io n  b a n d  o f f s e t  r a t io .  Sx, S//Hh a n d  S//Lh a r e  th e  b i a x ia l  
c o m p o n e n t  o f  s t r a in ,  th e  s p l i t t in g  e n e r g y  o f  H H  a n d  L H  in d u c e d  b y  th e  u n ia x ia l  
c o m p o n e n t  o f  th e  s tr a in  r e s p e c t i v e l y  a n d  th e  w e l l  c e n t r e  is  d e f i n e d  as  z  =  0 .  T h e  
d e t a i l  r e la t io n s h ip s  h a s  b e e n  d is c u s s e d  in  s e c t io n  2 .1 .3 .  m o is  th e  e l e c t r o n  m a s s ,  y 1? y2
a n d  y3 a r e  th e  L u t t in g e r - K o h n  p a r a m e t e r s  [ 3 . 8 ] ,  y  = ^ ( y ,  + y 3)  a n d  k / = k x2 + k y2. T h e  
f o u r f o l d  d e g e n e r a t e  b l o c k  e n v e l o p e  fu n c t io n s  th a t  s a t i s f y  e q u a t io n  ( 3 . 1 6 )  h a v e  
q u a n tu m  n u m b e r s  -3 / 2 , -1 / 2 , 1/2, a n d  3/2 ( H H  =  ±  3/2, L H  =  ±  1 /2 ). F o r  s im p l i c i t y ,  
th e  a x ia l  a p p r o x im a t io n  w h ic h  a s s u m e s  th a t  y 2 =  y 3 is  a p p l i e d  t o  th e  Q. t e r m  [ 3 .9 , 3 . 1 0 ]
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h s = ( 3 . 1 7 )
a n d  th e  4 x 4  H a m i l t o n ia n  is  t r a n s f o r m e d  in t o  t w o  2 x 2  H a m i l t o n ia n s  H u a n d  H u u s in g  
th e  f r a m e w o r k  in  [3 .1 0 - 1 2 ]  :
> ± < 2  +  V „„(z) £>
5* P T Q  + VLH(z)_
w h e r e  th e  s u p e r s c r ip t  8  =  U  o r  L  a n d  £  =  £1 + i | B  |. E q u a t io n  ( 3 . 1 7 )  is  s o l v e d  u s in g  a  
f i n i t e  d i f f e r e n t  m e th o d .
T h e  c o n d u c t io n  b a n d  a t  th e  T - v a l l e y  (k// =  0 )  is  m o d e l l e d  u s in g  th e  o n e ­
d im e n s io n a l  o n e  p a r t i c l e  S c h r o d in g e r - l i k e  e q u a t io n  [3 . 1 3 ]  o b t a in e d  f r o m  a n  e n v e lo p e  
fu n c t io n  a p p r o x im a t io n  [3 .1 4 ]  t h r o u g h  a  B e n - D e n ia l  a n d  D u k e  m o d e l  [ 3 .1 5 ]
1  d- fl2 d
2 dz m* (z) dz
+  V c ( z )  +  \e\Fz - 4 p (z )  -  & S x (Z (z), )) i |C (z )  =  E „V „(z ) (3.18)
w h e r e  V c ( z )  is  th e  c o n f in e m e n t  p o t e n t ia l  o f  Q W ,  m * ( z )  is  th e  e f f e c t i v e  m a s s  th e  
e l e c t r o n ,  \} /a C ( z )  r e p r e s e n t s  th e  e n v e l o p e  w a v e  fu n c t io n  o f  a n  e l e c t r o n  t o  th e  a th 
c o n f in e d  s u b b a n d  s ta t e  w i t h  a n  e n e r g y  E a. T h e  e q u a t io n  is  r e w r i t t e n  in to  a  t r id ia g o n a l  
m a t r ix  [ 3 .1 6 ]  a n d  th e  e ig e n v a lu e  is  d e t e r m in e d  u s in g  th e  b is e c t io n  m e t h o d  f o l l o w e d  b y  
in v e r s e  i t e r a t io n  [3 .1 7 ]  s o  th a t  th e  s u b b a n d  s t ru c tu r e s  a t  k// =  0  c a n  b e  d e t e r m in e d
T h e  p o t e n t ia l  d u e  t o  e a r n e r s  ( p ( z )  c a n  b e  o b t a in e d  b y  s o l v in g  P o i s s o n ’ s 
e q u a t io n  s e l f - c o n s i s t e n t l y  w i t h  e q u a t io n s  ( 3 . 1 7 )  a n d  ( 3 . 1 8 ) .  
d 2 |e|r
-^ 2-cp(z) = [p(z) - n(z) + N d(z) -  N a(z)J ( 3 . 1 9 )
w h e r e  8  is  th e  d ie l e c t r i c  c o n s ta n t  o f  th e  w e l l  m a te r ia l ,  N D a n d  N a  a r e  th e  d e n s i t ie s  o f  
io n is e d  d o n o r s  a n d  a c c e p t o r s  r e s p e c t i v e l y .  F o r  s im p l i f i c a t io n ,  N D a n d  N A a r e  a s s u m e d  
t o  b e  z e r o .  T h e  c a r r i e r  d e n s i t i e s  p ( z )  a n d  n ( z )  a r e  g i v e n  a s  :
p(z) =  2- XkUz)fri -  f V(El (k,l)))k„dk,
k„ b i2% 
m k DT
«(z) = ^ X k + > P n 1  +  e x p kBT
( 3 . 2 0 )
( 3 . 2 1 )
w h e r e  kB a n d  T  a r e  t h e  B o l t z m a n n  c o n s ta n t  a n d  t e m p e r a t u r e  r e s p e c t i v e l y .  F n is  th e  
q u a s i - F e r m i  l e v e l  f o r  th e  e l e c t r o n  in  th e  c o n d u c t io n  s u b b a n d ,  f v ( E bv )  is  th e  e l e c t r o n  
F e r m i  d is t r ib u t io n  fu n c t io n  o f  th e  b th v a l e n c e  s u b b a n d  a n d  \jtviib is  th e  b th e n v e l o p e  
fu n c t io n  in  th e  v a le n c e  s u b b a n d  w h e r e  th e  s u b s c r ip t  i is  t h e  q u a n tu m  n u m b e r  o f  th e
52
Chapter 3
f o u r f o l d  d e g e n e r a t e  h o l e  s ta te s .  T h e  r e la t io n s  b e t w e e n  th e  g i v e n  c a r r i e r  d e n s it ie s  P  
a n d  N  in  (c m "2)  a n d  p ( z )  a n d  n ( z )  a r e
P = [p(z)dz, N  = jn(z)dz ( 3 . 2 2 )
r e s p e c t i v e ly .  T h e  I S  e x c i t o n  o f  a n  in t r in s ic  Q W  is  c o n s id e r e d  u s in g  th e  p e r t u r b a t iv e -
v a r i a t i o n a l  m e t h o d  [3 .1 8 ] .  T h e  e x c i t o n  e n v e l o p e  fu n c t io n  is  g i v e n  b y :
AX . 2 p X ^
V  i s ( p )  =  • r r -  * e x P (  ~ )  ( 3 . 2 3 )+2na a
w h e r e  a* =(Amh2) I (\xfie2) is  t h e  e x c i t o n  B o h r  r a d iu s ,  p  is  th e  r e l a t i v e  d is t a n c e  
b e t w e e n  th e  e l e c t r o n  a n d  H H  o r  L H  in  th e  Q W  a lo n g  th e  t r a n s v e r s e  d i r e c t io n ,  w h ic h  is  
d e n o t e d  b y  // a n d  is  p a r a l le l  t o  t h e  p la n e  o f  Q W .  p.// is  th e  r e d u c e d  e f f e c t i v e  m a s s  in  th e  
t r a n s v e r s e  d ir e c t io n ,  e  is  th e  s ta t ic  d i e l e c t r i c  c o n s ta n t .  W i t h  a  1st o r d e r  a p p r o x im a t io n  
t o  th e  c o u lo m b ic  in t e r a c t io n  b e t w e e n  th e  e l e c t r o n  a n d  h o le^  ' t h e  v a r ia t io n a l  p a r a m e t e r  
X  i s  o b t a in e d  b y  m in im is in g  th e  f o l l o w i n g  e x p r e s s io n :
JJ dzcdzv |t|/ Cl (ZC )| J'ff VI C^v )| \ A a
Tr / AXz  n X7 , A X z j  
H l(— ) - N l(— )
a a
( 3 . 2 4 )
v4 2
w h e r e  z c  a n d  z v  a r e  th e  e l e c t r o n  a n d  h o l e  p o s i t io n s ,  z  =  | z c  -  z v  |, \|/ci a n d  \|/vi a r e  th e  
fu n d a m e n t a l  e l e c t r o n  a n d  h o l e  e n v e l o p e  w a v e fu n c t io n s  a t  k,, =  0 , H i  a n d  N i  a r e  th e  
S t r u v e  a n d  N e u m a n n  fu n c t io n s  o f  o r d e r  1 r e s p e c t i v e ly .  T h e  b in d in g  e n e r g y  E b  o f  th e  
I S  b o u n d  e x c i t o n  is  o b t a in e d  b y  t h e  p a r a m e t e r  A, a n d  is  d e f i n e d  b y :
E b =  -AX2R  ( 3 . 2 5 )
.4n q
w h e r e  R  -  ^  2 2 is  th e  R y d b e r g  e n e r g y .
32tu e  %
3 .4  O p t i c a l  P r o p e r t i e s  o f  Q u a n t u m  W e l l s
3.4.1 Absorption Coefficient
T h e  b o u n d  s ta te s  a b s o r p t io n  c o e f f i c i e n t  a b0und(w ) c a n  b e  m o d e l l e d  u s in g  th e  
d e n s i t y  m a t r ix  a p p r o a c h  [ 3 .1 9 ]  as
bound
Y C0n rm , E ,tbL z a i i
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where M n = g . ( g . + A . )
Pg  + t  A 0
=  J P(E)S(E)L(E)dE. 
0
r \
L(E) = B
n{[Eaib+ E - T m r + T f }
©  is  a n g u la r  f r e q u e n t  o f  o p t i c a l  f i e ld ,  | <\|/c a | \|/Vi,b> 1 2 is  th e  p r o b a b i l i t y  o f  th e  
w a v e fu n c t io n  o v e r l a p p in g  b e t w e e n  th e  \[/c a a n d  th e  \|/Vj,b a t  k,, =  0 . E a-,b is  th e  b a n d e d g e  
t r a n s it io n  e n e r g y  b e t w e e n  th e  e n e r g y  s u b b a n d s  o f  \j/c a a n d  \|/\b. S(E) is  th e  
S o m m e r f . e ld  e n h a n c e m e n t  f a c t o r  w h ic h  is  a s s u m e d  h e r e  t o  b e  a  c o n s ta n t ,  L(E) is  th e  
L o r e n t z i a n  b r o a d e n in g  f a c t o r ,  T b  is  th e  b o u n d  s ta t e  l in e w id t h  ( H a l f  W id t h  H a l f  
M a x im u m ,  H F H M )  b r o a d e n in g  f a c t o r ,  p(E)  is  th e  p o la r i s a t io n  f a c t o r ,  A 0 is  th e  
d i f fu s e d  s p in - o r b i t  s p l i t t in g  g a p ,  c0 is  th e  v e l o c i t y  o f  l i g h t  in  f r e e  s p a c e ,  e 0 is  th e  
p e r m i t t i v i t y  in  f r e e  s p a c e ,  m * c is  th e  e f f e c t i v e  e l e c t r o n  m a s s , a n d  \x*/, is  th e  e l e c t r o n - h o l e  
r e d u c e d  e f f e c t i v e  m a s s . F o r  l i g h t  p r o p a g a t in g  p a r a l le l  t o  t h e  q u a n tu m  la y e r ,  b o t h  th e  
T E  a n d  T M  p o la r is a t io n s  e x is t  a n d  th e  p o la r is a t io n  f a c t o r s  a r e  g i v e n  b y :  p TE =  
( 3 / 4 ) ( l + £ * )  f o r  H H  a n d  ( 5 / 4 ) ( l - ( 3 / 5 ) £ * )  f o r  L H ,  a s  w e l l  as  p ™  =  ( 3 / 2 ) ( l - £ * )  f o r  
H H  a n d  ( l / 2 ) ( l - 3 £ « )  f o r  L H  w h e r e  E R =  (Ec +  E H) I (Ec +  E H +  E). B y  u s in g  th e  
s a m e  a p p r o a c h ,  th e  e x c i t o n  a b s o r p t io n  c o e f f i c i e n t , a exc(c o ),  is  c a l c u la t e d  as :
a - ( w )  =  7 ^ - | x ( P  =  ° ) l 2 - 7 7 ^  F — 7  ( 3 . 2 7 )
O r + 1 XIJ }
e2h2
w h e r e  A  =    r z r r  M 0 |<\|/c ; |\|fw  > | 2 a n d  E exc =  E a  + E m  +  E g +  E b is  th e
2 e 0 m e h C V L z
e x c i t o n i c  t r a n s it io n  e n e r g y  a n d  F Xb is  th e  e x c i t o n  l in e w id t h  ( h a l f  w id t h  h a l f  m a x im u m ) 
b r o a d e n in g  f a c t o r .  F o r  t h e  I S  e x c i t o n ,  o n l y  p  =  0  is  a l l o w e d  a n d  h e n c e  p TE =  
3 / 2 (H H )  a n d  1 / 2 (L H )  a s  w e l l  as  p ™  =  0 ( H H )  a n d  2 ( L H ) .  T h e  t o t a l  a b s o r p t io n  
c o e f f i c i e n t  a ( c o )  is  g i v e n  a s  a ( © ) = a b o u n d ( © ) + o c e x c ( © ) .
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3.4.2 Refractive Index
T h e  r e f r a c t i v e  in d e x  is  m o d e l l e d  u s in g  th e  d ie l e c t r i c  fu n c t io n  a p p r o a c h  [3 . 2 0 ] .  
T h e  im a g in a r y  p a r t  o f  th e  r e f r a c t i v e  in d e x  is  th e  a b s o r p t io n  c o e f f i c i e n t  d is c u s s e d  in  th e  
p r e v io u s  s e c t io n .  T h e  r e a l  p a r t  o f  r e f r a c t i v e  in d e x  q  c a n  b e  w r i t t e n  as :
» r ( © ) = q e ,  (co)+i{[e, (co)]2+[e2 ( < d ) ] * } ' « ) W 2  ( 3 . 2 8 )
w h e r e  8 1  a n d  e 2, t h e  r e a l  a n d  im a g in a r y  p a r t s  o f  th e  d ie l e c t r i c  fu n c t io n  r e s p e c t i v e ly ,  a r e  
g i v e n  b y  :
£l(CD) = £ir (CO) + £iL (co) + £iX (CO) + £„ ( 3 . 2 9 )
E2(CO) = £2r (CO) + £2L (co) + £2X (CO) + £2ID ( 3 . 3 0 )
w h e r e  £ir, £2r d e n o t e s  th e  c o n t r ib u t io n  f r o m  T - v a l l e y ;  £iL, e2l  d e n o t e s  th e  c o n t r ib u t io n  
f r o m  L - v a l l e y ;  £ iX, e 2x  d e n o t e s  th e  c o n t r ib u t io n  f r o m  X - v a l l e y ;  e m d e n o t e s  th e  
c o n t r ib u t io n  f r o m  o t h e r  t r a n s i t io n s  t o  E q  w h i l e  Es10  d e n o t e s  th e  c o n t r ib u t io n  f r o m  th e  
in d i r e c t  t r a n s it io n s  t o  e 2. T h e  q u a n tu m  c o n f in e m e n t  a f f e c t s  th e  c o n t r ib u t io n  o f  th e  
t r a n s it io n s  p r im a r i ly  in  th e  F  v a l l e y  a n d  th u s  £ i r  a n d  s 2r , w h i l e  t h e  c o n t r ib u t io n s  o f  th e  
b u lk - l ik e  L  a n d  X  v a l l e y s  a n d  a l l  o t h e r  t r a n s i t io n s  a b o v e  th e  Q W  t o  th e  r e a l  a n d  
im a g in a r y  d i e l e c t r i c  f u n c t io n s  a r e  o b t a in e d  u s in g  a  b u lk  c a lc u la t io n  [3 .2 1 ] .
T h e  im a g in a r y  p a r t  o f  th e  d ie l e c t r i c  c o n s t a n t  c o n t r ib u t e d  b y  th e  F  v a l l e y  is  
d e r i v e d  as
E2r (C0 ) =  E2eX° (CO) +  E2b0Und(CD) +  E2rbU,k(C0) ( 3 . 3 1 )
w h e r e  th e  s u p e r s c r ip t s  F  , e x c ,  b o u n d  a n d  F buik r e f e r  t o  t h e  c o n t r ib u t io n s  o f  t h e  F
v a l l e y ;  th e  Q W  I S  b o u n d  e x c i t o n ;  th e  c o n d u c t io n - v a le n c e  b a n d  Q W  b o u n d - s ta t e ,  a n d
th e  c o n t r ib u t io n  d u e  t o  t h e  w e i g h t e d  b a r r ie r  a n d  w e l l  la y e r s  a s  a  b u lk  m a te r ia l  f o r  th e  
h ig h e r  e n e r g y  r e g i o n  w i t h o u t  a n y  q u a n tu m  c o n f in e m e n t  e f f e c t s ,  r e s p e c t i v e ly .  T h e  
e x p r e s s io n s  o f  s 2exc a n d  s 2bound a r e  t a k e n  f r o m  r e f .  [ 3 .1 9 ]  w h i l e  £ 2rbulk is  ta k e n  f r o m  r e f .
[ 3 .2 1 ] .
I n  th e  c a lc u la t io n  o f  a s - g r o w n  s q u a r e  Q W ,  th e  s 2rbulk (c o )  is  c a lc u la t e d  b y
w e ig h t in g  th e  b a r r ie r  a n d  w e l l  t o g e t h e r  in  a  r a t io  o f  w e l l  w id t h  ( U )  t o  b a r r ie r  w id t h
CU):
e 2rbulk ( t o )  =  [ L , E 2wel,rbulk (c o )  +  L b £2balTierrbulk ( c o ) ] / (L z  +  L b)  ( 3 . 3 2 )
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F o r  th e  c a s e  o f  D F Q W ,  s in c e  th e  Q W  s t r u c tu r e  b e c o m e s  n o n l in e a r ly  g r a d e d ,  w e  d i v id e  
e a c h  w e l l  a n d  b a r r ie r  l a y e r  in to  n  =  2 0  s u b in t e r v a ls  a n d  E2rbulk (w )  a t e a c h  s u b in t e r v a l  is  
c a lc u la t e d  u s in g  th e  d i f fu s e d  c o n c e n t r a t io n  p r o f i l e s .  T h e  b a r r ie r  la y e r  £2rbulk is  th e n  
w e i g h t e d  w i t h  th e  w e l l  l a y e r £ 2rbuIk:
E2r" ‘ (a)) = x £  E2r“ (co), (3.33)
1=1
w h e r e  n  is  th e  n u m b e r  o f  s u b in t e r v a ls  in  a  b a r r ie r .
T h e  £ j r (cx>) is  d e t e r m in e d  u s in g  th e  K r a m e r s - K r o n i g  t r a n s fo r m a t io n  o f  £2r (c o ).  
T h e  r e a l  p a r t  o f  th e  r e f r a c t i v e  in d e x  is  e v a lu a t e d  f r o m  e q u a t io n  ( 3 . 2 8 )  b y  in c lu d in g  th e  
r e a l  a n d  im a g in a r y  d ie l e c t r i c  fu n c t io n s  c o n t r ib u t io n s  b y  th e  X  a n d  L  v a l l e y s  a n d  h ig h e r  
o r d e r  t r a n s i t io n s  o b t a in e d  f r o m  th e  b u lk  c a l c u la t i o n  [3 .2 1 ] .
3.4.3 Optical Gain
W i t h  th e  c o n s id e r a t io n  o f  th e  n o n - p a r a b o l i c i t y  o f  Q W  v a le n c e  s u b b a n d s  d u e  t o  
t h e  b a n d  m ix in g  e f f e c t ,  th e  o p t i c a l  g a in  is  g ( E )  m o d e l l e d  u s in g  th e  d e n s i t y  o f  s ta t e  
a p p r o a c h  [3 .2 2 ]  w h e r e
2nq2Ti
* ( * )  = £ - J d%\e.  P ^ k J  . 8  (Eca { E)
+  ( 2 % )2n Rz 0c m l L t E '
x[fc(ES(k„))-fv( # ( * „ ) ) ]  ( 3 . 3 4 )
w h e r e  c ,  n R, q  a n d  £ 0 a r e  th e  s p e e d  o f  l i g h t ,  r e f r a c t i v e  in d e x ,  e l e c t r i c  c h a r g e ,  d i e l e c t r i c  
c o n s ta n t  in  v a c u u m  r e s p e c t i v e l y .  E  is  t h e  p h o t o n  e n e r g y ,  Pab is  th e  o p t i c a l  m a t r ix  
e le m e n t  f o r  a  t r a n s i t io n  b e t w e e n  th e  a th e l e c t r o n  s u b b a n d  a n d  b th v a le n c e  s u b b a n d , e  is  a  
u n it  v e c t o r  a lo n g  th e  p o la r i s a t io n  d i r e c t i o n  o f  th e  o p t i c a l  e l e c t r i c  f i e ld ,  a n d  ^ ( E a 0)  is  
th e  e l e c t r o n  F e r m i  d is t r ib u t io n  fu n c t io n s  in  t h e  a th c o n d u c t io n  s u b b a n d . T h e  s q u a r e d
I — |2
o p t i c a l  m a t r ix  e l e m e n t  \e • Pab\ f o r  T E  m o d e  p o la r i s a t io n  is
\e •
/  r v \ 2 / r v \ A
( v f V-,/2,*/ + (v « Vl/2*/ J
(3.35)
For TM mode polarisation,
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^ ( M 2=t \(4 p \ 4 2 • flk*c k -1/2.01 +lk*ck./2OIJ • 3^36)
3 
2
w h e r e  \|/„c  is  th e  a lh e n v e l o p e  fu n c t io n  in  th e  c o n d u c t io n  s u b b a n d  a n d  \jiiih is  th e  b th 
e n v e l o p e  fu n c t io n  in  t h e  v a le n c e  s u b b a n d  th a t  t h e  s u b s c r ip t  i is  th e  q u a n tu m  n u m b e r  o f  
th e  f o u r f o l d  d e g e n e r a t e  h o l e  s ta te s ,  i . e .  i =  -3 / 2 , -1 / 2 , 1/2, a n d  3/2. In  d e t e r m in in g  th e  
m o m e n t u m  m a t r ix  e l e m e n t s  ( x | P | s ) , th e  e x p r e s s i o n
- m l  E){x\pM 2 .  ( 3 - 3 7 )2  m c E g + - 3 A
is  u s e d  w h e r e  A  is  th e  s p in - o r b i t  s p l i t t in g  e n e r g y ,  E s is  t h e  b a n d g a p  e n e r g y ,  a n d  m e is  
th e  e l e c t r o n  e f f e c t i v e  m a s s . T h e  g a in  w i t h  s p e c t r a l  b r o a d e n in g  ( G ( E ? j )  o f  a  s in g le  
D F Q W  s tru c tu r e  a t a  t r a n s i t io n  e n e r g y  E '  is  w r i t t e n  as
G ( E ' )  =  \ d E ' g ( E ' ) L { E - E ' )  ( 3 . 3 8 )
w h e r e  L ( E - E ' )  is  t h e  L o r e n t z i a n  l in e - b r o a d e n in g  fu n c t io n .  A s  a  c o n s e q u e n c e ,  t h e
o p t i c a l  g a in  G ( E ' )  is  th e  k - s p a c e  in t e g r a t io n  o f  th e  j o in t  d e n s i t y  o f  s ta te s ,  th e  o p t i c a l
m a t r ix  e le m e n t ,  th e  l in e w id t h  b r o a d e n in g  f a c t i o n  a n d  th e  d i f f e r e n c e  o f  th e  f e r m i
d is t r ib u t io n  fu n c t io n  b e t w e e n  c o n d u c t i o n  a n d  v a le n c e  s u b b a n d s .  T h e  d i f f e r e n t ia l  g a in
d g / d N  is  c a lc u la t e d  u s in g  th e  f o l l o w i n g  e x p r e s s io n :
d g / r t  G ( E , N  +  A N ) - G ( E , N )
- — (Etn) =  l i m -----------------------------------------------  ( 3 . 3 9 )
d N  w -> o  A A
w h e r e  N  is  th e  c a r r ie r  d e n s i t y .  T h e  l in e w id t h  e n h a n c e m e n t  f a c t o r  a m0d is  d e f in e d  as  th e
r a t io  o f  th e  c h a n g e  o f  r e f r a c t i v e  in d e x  w i t h  r e s p e c t  t o  th e  c a r r i e r  d e n s i t y  t o  th e  c h a n g e
o f  th e  o p t i c a l  g a in  w i t h  r e s p e c t  t o  th e  c a r r i e r  d e n s i t y  is  g i v e n  as
4 n  d n R /  d N
“ - = - T  I F W  ( 3 '4 0 )
w h e r e  X  is  a  p h o t o n  w a v e l e n g t h ,  d n R/ d N  is  o b t a in e d  f r o m  d g / d N  b y  u s in g  th e  K r a m e r -  
K r o n i g  t r a n s fo r m a t io n .
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Chapter 4 
A l G a A s / G a A s  Q u a n t u m  Well Electro-Optic a n d  
Electro-Absorptive Modulators 
Using Surface Acoustic W a v e s
4 .1  I n t r o d u c t i o n
S u r f a c e  A c o u s t i c  W a v e s  ( S A W s )  h a v e  b e e n  w i d e l y  i n v e s t i g a t e d  in  p i e z o e l e c t r i c  
b u lk  m a te r ia ls  in c lu d in g  L i N b 0 3 a n d  G a A s ,  w h e r e  th e  s t r u c tu r e s  a r e  h o m o g e n o u s  [4 .1 ]  
o r  m u l t i la y e r e d  [4 .2 ] .  A  r e l a t i v e l y  s m a l l  a m o u n t  o f  w o r k  h a s  b e e n  r e p o r t e d  o n  th e  
in t e r a c t io n  o f  S A W s  w i t h  I I I - V  s e m ic o n d u c t o r  q u a n tu m  w e l l  ( Q W )  s t ru c tu r e s  [4 .3 ] .  
I n  c o m p a r is o n  t o  b u lk  m a te r ia ls ,  Q W s  a r e  a t t r a c t iv e  f o r  t h e i r  e x c i t o n i c  o p t i c a l  
p r o p e r t i e s  [4 .4 ,  4 .5 ]  a n d , b y  u s in g  q u a n tu m - c o n f in e d  S t a r k  e f f e c t  ( Q C S E ) ,  Q W s  c a n  
p r o v i d e  l a r g e  e l e c t r o - a b s o r p t i v e  a n d  e l e c t r o - o p t i c  m o d u la t io n s  [4 .6 ,  4 .7 ] .
A m o n g  th e  v a r io u s  a p p l ic a t io n s  o f  S A W ,  a  n u m b e r  o f  a c o u s t o - o p t i c  s ig n a l  
p r o c e s s in g  fu n c t io n s  in c lu d in g  m o d u la t io n  [4 . 8 ] ,  b e a m  d e f l e c t i o n  [4 . 9 ] ,  tu n a b le  
f i l t e r in g  [ 4 . 1 0 ] ,  a n d  s p e c t r u m  a n a ly s is  [ 4 . 1 1 ] ,  h a v e  b e e n  d e v e l o p e d .  M o s t  o f  th e s e  
a p p l ic a t io n s  u s e  th e  c h a n g e  o f  r e f r a c t i v e  in d e x  p r o d u c e d  b y  th e  e l a s t o - o p t i c  a n d  
e l e c t r o - o p t i c  e f f e c t s  o f  S A W .  R e c e n t l y ,  th e  s tu d ie s  o f  a b s o r p t i v e  m o d u la t io n  
g e n e r a t e d  b y  S A W  h a v e  a ls o  b e e n  in i t ia t e d  [4 .1 2 ]  w h ic h  in d ic a t e  th a t  th e  c h a n g e  o f  
b o t h  th e  a b s o r p t io n  a n d  r e f r a c t i v e  in d e x  in d u c e d  b y  a  S A W  is  a t t r a c t i v e  f o r  m o d u la t io n  
d e v i c e s .
S A W  t e c h n o l o g y  p r o v id e s  th e  a d v a n ta g e s  in  th e  d e s ig n  o f  s p a t ia l ly  d is t r ib u t e d  
Q W s  o p t i c a l  s y s t e m s ,  s u c h  as  2 - d im e n s io n a l  s p a t ia l  l i g h t  m o d u la t o r s  a n d  o p t i c a l  
c o r r e la t o r s ,  b e c a u s e  S A W s  a r e  s u i t a b le  f o r  in d u c in g  th e  r e q u i r e d  p r e d e t e r m in e d  
e l e c t r i c - f i e l d  d is t r ib u t io n  [4 . 1 2 ] .  A s  c o m p a r e d  t o  a  c o n v e n t io n a l  p - i - n  e l e c t r i c a l  b ia s e d  
m o d u la t o r  [ 4 . 6 ] ,  n o  p + a n d  n + b u f f e r  o r  c la d d in g  la y e r s  a r e  n e e d e d  in  th e  S A W  d e v ic e s .  
T h i s  c a n  m in im is e  th e  u n e x p e c t e d  d o p in g  in  th e  a c t i v e  r e g i o n  a n d  th e  d a m a g e  in  th e
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d e v i c e  s t ru c tu r e .  T h e  m a in  r e a s o n  is  th a t  S A W  is  la u n c h e d  b y  a  t r a n s d u c e r  f a r  a w a y  
f r o m  th e  in t e r a c t io n  r e g i o n  o f  th e  o p t i c a l  a n d  e l e c t r i c a l  f ie ld s .  M o r e o v e r ,  S A W  a ls o  
n e e d s  n o  m e ta l  c o n t a c t s  t o  c o v e r  th e  in t e r a c t io n  r e g i o n  as  in  p - i - n  s t r u c tu r e  d e v ic e s .  
F u r th e r m o r e ,  S A W  p r o v id e  a n o th e r  d e g r e e  o f  f r e e d o m  w h ic h  a l l o w s  im p la n ta t io n  o f  an  
e n h a n c e d  B r a g g  m o d u la t o r  u s in g  th e  Q W  s t ru c tu r e s  [4 .1 3 ] .
T h e  e l e c t r i c  f i e l d  in d u c e d  b y  S A W  r e d u c e s  n o n - u n i fo r m ly  w i t h  d e p th  [ 4 . 3 ] ,  
w h ic h  is  an  o b s t a c le  in  th e  d e v e l o p m e n t  o f  h ig h  e f f i c i e n c y  m o d u la t o r s  w i t h  a  la r g e  
n u m b e r  o f  Q W s  in  th e  a c t i v e  r e g i o n .  M o r e o v e r ,  th e  S A W  p e n e t r a t io n  d e p th  is  u s u a l ly  
o n e  S A W  w a v e l e n g t h  (A-s a w ) .  H e r e  w e  w i l l  t a c k le  th e s e  p r o b le m s  b y  a n a ly s in g  a  s in g le  
Q W ,  5 - p e r i o d  Q W  a n d  2 5 - p e r i o d  Q W  S A W  m o d u la t o r ,  a l l  o f  w h ic h  a r e  w i t h in  a  d e p th  
o f  o n e  / s a w  •
I n  th is  c h a p t e r ,  a  t h e o r e t i c a l  a n a ly s is  o f  th e  w a v e g u id e  t y p e  lO O A / lO O A  
A lo .3G a o .7A s / G a A s  m o d u la t o r s  ( o p t i c  a n d  a b s o r p t i v e )  u s in g  S A W  is  p r e s e n t e d .  T h is  
s tu d y  a d d r e s s e s  th e  n o n - l in e a r  S A W  e f f e c t s  o n  Q W  o p t i c a l  p r o p e r t i e s  ( in c lu d in g  
a b s o r p t io n  c o e f f i c i e n t  a n d  r e f r a c t i v e  in d e x ) ,  th e  e f f e c t  o f  o p t i c a l  c o n f in e m e n t  o n  th e  
m o d u la t io n  e f f i c i e n c y ,  a n d  th e  d e s ig n  a n d  o p t im is a t io n  o f  s in g le  p e r i o d ,  5 - p e r i o d  a n d  
2 5 - p e r i o d  Q W  m o d u la t o r s .  T h e  c o m p a r is o n  b e t w e e n  th e s e  th r e e  s t r u c tu r e s  is  a ls o  
m a d e  s o  th a t  th e  r e s u lt s  c a n  b e  u s e d  a s  a  g u id e l i n e  t o  d e v e l o p  S A W - Q W  m o d u la t o r s .
4 .2  M o d e l l i n g  t h e  S A W  Q u a n t u m  W e l l  M o d u l a t o r s
T h e  w a v e g u id e  t y p e  a b s o r p t i v e  a n d  o p t i c a l  m o d u la t o r s  h a v e  a n  id e n t ic a l  d e v i c e  
s t r u c tu r e ,  s e e  F i g .  4 .1 .  T h e  la y e r s ,  s t a r t in g  f r o m  th e  s u b s t r a te ,  c o n s is t  o f  an  A l G a A s  
c la d d in g ,  a  s t a c k  o f  1 0 0 A  A lo .3 G a o .7A s  b a r r ie r s  a n d  1 0 0 A  th ic k  G a A s  w e l l s  a n d  a  t o p  
c la d d in g  A l G a A s  la y e r .  O n  o n e  s id e  o f  t h e  d e v i c e  s t r u c tu r e  is  an  in t e r d ig i t a l  t r a n s d u c e r  
f o r  la u n c h in g  th e  S A W .  I n  o r d e r  t o  o b t a in  a  h ig h  e le c t r o m e c h a n ic a l  c o u p l in g  c o n s ta n t  
( t o  p r o d u c e  a  la r g e  S A W  a m p l i t u d e ) ,  f o r  s t r u c tu r e s  s u c h  as  G a A s  a n d  A l G a A s ,  th e  
g r o w t h  d i r e c t io n  o f  t h e  Q W  is  < 1 0 0 >  a n d  th e  S A W  p r o p a g a t e s  a lo n g  th e  < 1 1 0 >  
d i r e c t io n .
In  o r d e r  t o  in v e s t i g a t e  t h e s e  e l e c t r o - a b s o r p t i v e  a n d  e l e c t r o - o p t i c  m o d u la t o r s ,  
th e  S A W  p r o p a g a t i o n  a n d  i t s  p i e z o - e l e c t r i c  a n d  e la s t o - e l e c t r i c  e f f e c t s  a r e  m o d e l l e d  
f o l l o w e d  b y  th e i r  e f f e c t s  o n  th e  Q W  s u b b a n d  s t ru c tu r e .  T h e  o p t i c a l  p r o p e r t i e s  
(a b s o r p t io n  c o e f f i c i e n t  a n d  r e f r a c t i v e  in d e x )  o f  th e s e  s t r u c tu r e s  w i t h  th e  e f f e c t s  o f
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e x c i t o n s  a r e  th e n  d e t e r m in e d .  In  o r d e r  t o  t a k e  in to  a c c o u n t  th e  in t e r a c t io n  o f  th e  
o p t i c a l  w a v e g u id e  f i e l d  w i t h  th e  Q W  s t r u c tu r e  (w h ic h  is  t i l t e d  b y  th e  S A W  in d u c e d  
f i e l d ) ,  a  o n e  d im e n s io n a l  M a x w e l l ’ s e q u a t io n  is  s o l v e d  a n a ly t ic a l ly .  S u b s e q u e n t ly ,  th e  
c h a n g e  o f  b o t h  th e  e f f e c t i v e  a b s o r p t io n  c o e f f i c i e n t  a n d  th e  e f f e c t i v e  r e f r a c t i v e  in d e x  a r e  
c a lc u la t e d .  V a r io u s  p e r f o r m a n c e  p a r a m e t e r s  a r e  th e n  d e t e r m in e d  t o  c h a r a c t e r is e  th e  
m o d u la t io n  p e r f o r m a n c e .
I t  is  a s s u m e d  th a t  th e  b a r r ie r  is  t h ic k  e n o u g h  th a t  th e r e  is  n o  s ig n i f ic a n t  
c o u p l in g  b e t w e e n  a d ja c e n t  w e l l s  a n d  t h e r e f o r e  a  s in g le  Q W  m o d e l  c a n  b e  u s e d  h e r e .  
T o  m o d e l  th e  S A W  p r o p a g a t io n ,  b e c a u s e  th e  f r e q u e n c y  o f  l ig h t  a n d  S A W  is  -  1 0 12  H z  
a n d  ~  1 0 8 H z  r e s p e c t i v e l y  a n d  th e  p r o p a g a t i o n  d i r e c t io n  o f  S A W  is  p e r p e n d ic u la r  t o  
t h e  in c id e n t  l ig h t ,  th e  D o p p l e r  e f f e c t  o f  t h e  in c id e n t  l i g h t  c a n  b e  n e g le c t e d .  I n  a d d it io n ,  
s in c e  th e  v e l o c i t y  o f  S A W  ( ~  3 0 0 0  c m '1)  is  m u c h  s l o w e r  th a n  th a t  o f  l i g h t  ( 3 x 1 0 s c m '1) ,  
a  q u a s i- s t a t ic  a p p r o a c h  c a n  b e  u s e d  t o  m o d e l  a  S A W  as  s h o w n  in  C h a p t e r  3 . S A W  
in d u c e s  b o t h  s tr a in s  a n d  a n  e l e c t r i c  f i e l d  in  th e  A lG a A s / G a A s  h e t e r o s t r u c tu r e ,  w h ic h  is  
a  p i e z o e l e c t r i c  m a te r ia l .  H o w e v e r ,  th e  in d u c e d  s tra in s  a r e  s m a l l  ( < 0 .1  % )  a n d  a r e  n o t  
l a r g e  e n o u g h  t o  m o d i f y  t h e  Q W  p o t e n t ia l  p r o f i l e  f o r  a  c h a n g e  o f  th e  s e m ic o n d u c t o r  
m a t e r ia l  b a n d g a p  [4 .1 4 ] .  C o n s e q u e n t ly ,  o n l y  th e  S A W - i n d u c e d  e l e c t r i c  f i e l d  is  
c o n s id e r e d  as  an  e x t r a  l in e a r  p e r t u r b a t io n  t e r m  t o  m o d i f y  th e  Q W  p o t e n t ia l  p r o f i l e s  
V v ( z )  a n d  V c ( z )  in  E q s .  ( 3 . 1 6 )  a n d  ( 3 . 1 7 )  r e s p e c t i v e ly .  T h e  t r a n s v e r s e  e l e c t r i c  ( T E )  
a n d  t r a n s v e r s e  m a g n e t ic  ( T M )  p o la r is a t io n  d e p e n d e n t  r e f r a c t i v e  indice, a n d  a b s o r p t io n  
c o e f f i c i e n t s ,  in c lu d in g  th e  c o n t r ib u t io n s  f r o m  th e  e x c i t o n ,  a r e  d e t e r m in e d .
4.2.1. Optical Properties o f SAW Modulators
W h e n  an  o p t i c a l  f i e l d  p r o p a g a t e s  in  th e  d e v ic e s ,  o n l y  th a t  p o r t i o n  w h ic h  
in t e r a c t s  w i t h  th e  Q W s  w i l l  b e  m o d u la t e d  d u e  t o  th e  S A W  in t e r a c t io n .  I n  o r d e r  t o  
c a lc u la t e  th e  o p t i c a l  p r o p e r t i e s  ( in c lu d in g  th e  e f f e c t i v e  a b s o ip t i o n  c o e f f i c i e n t  a n d  
r e f r a c t i v e  in d e x )  o f  an  a c o u s t o - o p t i c  Q W  m o d u la t o r  s t r u c tu r e ,  a  m u l t i la y e r  p la n a r  
w a v e g u id e  m o d e l  is  d e v e l o p e d  f r o m  o u r  p r e v io u s  m o d e l  u s in g  th e  t r a n s fe r  m a t r ix  
m e t h o d  [ 4 .1 5 ] .  F r o m  th is  c a lc u la t io n ,  t h e  m o d a l  f i e l d  p r o f i l e s  a n d  th e  p r o p a g a t i o n  
c o n s ta n t s  a r e  o b t a in e d  f o r  th e  d e t e r m in a t io n  o f  th e  e f f e c t i v e  a b s o ip t io n  c o e f f i c i e n t  a n d  
e f f e c t i v e  r e f r a c t i v e  in d e x ,  r e s p e c t i v e l y .
T h e  e f f e c t i v e  a b s o r p t io n  c o e f f i c i e n t , a eff, is  g i v e n  b y  :
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J a  ( z ) ( p  ( z > p * ( z ) d z
the wells within
the active region „.
“ =ff=  f —  r .  • (3-DJ <P (z > p  ( z ) d z
tiie completed 
guiding field region
w h e r e  (p ( z )  is  th e  g u id in g  o p t i c a l  f i e l d  a n d  a ( z )  is  th e  m a t e r ia l  a b s o r p t io n  c o e f f i c i e n t  o f  
th e  Q W  s t ru c tu r e .  S in c e  th e  a m p l i t u d e  o f  S A W  v a r ie s  w i t h  p e n e t r a t io n  d e p th ,  a  is  z  
d e p e n d e n t .  E q u a t io n  ( 3 . 1 )  s h o w s  th a t  oeCff is  d e t e r m in e d  b y  th e  f r a c t io n  o f  th e  o p t i c a l  
f i e l d  in t e n s i t y  (p ( z )c p * (z )  w i t h in  t h e  w e l l s  o f  th e  a c t i v e  r e g io n .  T h e  c h a n g e  o f  e f f e c t i v e  
a b s o r p t io n  c o e f f i c i e n t  A a eff o f  th e  d e v i c e  is  c a lc u la t e d  u s in g  :
A a eff =  a eff ( S A W )  - a eff (no S A W ) , ( 3 . 2 )
w h e r e  a ef f ( S A W )  a n d  a ef f (n o  S A W )  a r e  th e  e f f e c t i v e  a b s o r p t io n  c o e f f i c i e n t s  w i t h  a n d  
w i t h o u t  S A W - i n d u c e d  e l e c t r i c  f i e l d  r e s p e c t i v e l y .
T h e  e f f e c t i v e  r e f r a c t i v e  in d e x  o f  th e  s t r u c tu r e ,  n eff, is  d e t e r m in e d  b y  s o l v in g  
M a x w e l l ’s e q u a t io n s  f o r  th e  w a v e g u id e  u s in g  th e  m a t e r ia l  r e f r a c t i v e  in d ic e s .  T h e  
c h a n g e  o f  th e  e f f e c t i v e  r e f r a c t i v e  in d e x ,  A n eff, is  c a lc u la t e d  u s in g  :
A n eff =  n eff ( S A W )  -  n eff ( n o  S A W ) , ( 3 . 3 )
w h e r e  n ef f ( S A W )  a n d  n ef f (n o  S A W )  a r e  th e  e f f e c t i v e  r e f r a c t i v e  in d ic e s  w i t h  a n d  w i t h o u t  
S A W - i n d u c e d  e l e c t r i c  f i e l d  r e s p e c t i v e l y .
4.2.2 Modulator Performance
T h e  im p o r t a n t  p e r f o r m a n c e  c h a r a c t e r is t ic s  o f  th e  m o d u la t o r s  a r e  th e  
m o d u la t io n  d e p th  r\ f o r  p h a s e  m o d u la t io n  o r  d i f f r a c t io n ,  th e  c o n t r a s t  r a t io  C R  f o r  
a b s o r p t i v e  m o d u la t io n ,  o p t i c a l  c o n f in e m e n t  f a c t o r  T ,  th e  c h ir p  p a r a m e t e r  (3m0d a n d  th e  
a b s o ip t i o n  lo s s  (X]0SS.
T h e  m o d u la t io n  d e p th  r| in d ic a t e s  th e  e f f i c i e n c y  o f  m o d u la t io n  d u e  t o  th e  
c h a n g e  o f  t h e  e f f e c t i v e  i n d e x ,  s u c h  as  d i f f r a c t i o n  a n d  p h a s e  m o d u la t io n ,  is  g i v e n  b y  :
r\ =  s in 2 ( A(J) / 2 ) ,  ( 3 . 4 )
w h e r e  th e  p h a s e  c h a n g e  is  A<|> =  2nlAneff / X op , I is  th e  S A W  a p e r tu r e  a n d  Xop is  th e  
o p e r a t in g  o p t i c a l  w a v e l e n g t h .  T h e  S A W  a p e r tu r e  f o r  n  p h a s e  c h a n g e  is  c o m m o n ly
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u s e d  t o  m e a s u r e  th e  p h a s e  m o d u la t io n ,  t h e  s h o r t e r  th e  S A W  a p e r tu r e  th e  la r g e r  th e  
p h a s e  m o d u la t io n  c a n  b e  o b t a in e d .
T h e  c o n t r a s t  r a t io  C R  is  d e f in e d  as  th e  r a t io  o f  th e  l ig h t  in t e n s i t y  w i t h  a n d  
w i t h o u t  a  S A W  a n d  is  g i v e n  b y  :
CR(dB) =  1 0  l o g ( 3 . 5 )
e x p ( - a  eff(OFF)l)
w h e r e  a ef f ( O N )  a n d  ocef f ( O F F )  a r e  th e  e f f e c t i v e  a b s o r p t io n  in  th e  O N - s t a t e  (n o  S A W -  
in d u c e d  e l e c t r i c  f i e l d )  a n d  th e  O F F - s t a t e  (u n d e r  S A W - i n d u c e d  e l e c t r i c  f i e l d ) ,  
r e s p e c t i v e l y .
T h e  s ta t ic  c h i r p  p a r a m e t e r  (3moci is  g i v e n  b y  :
4tc A n „ ft.
(3 -6)op eft
w h e r e  A n eff a n d  A a eff a r e  th e  c h a n g e  in  th e  e f f e c t i v e  r e f r a c t i v e  in d e x  a n d  th e  c h a n g e  in  
th e  e f f e c t i v e  a b s o r p t io n  r e s p e c t i v e ly .  E q u a t i o n  ( 3 . 6 )  s h o w s  th a t  (3m0d c a n  b e  c o n s id e r e d  
as  a  m e a s u r e  o f  th e  r a t io  o f  th e  o p t i c  ( r e f r a c t i v e  in d e x )  m o d u la t io n  s t r e n g th  t o  th e  
o p t i c a l  in t e n s i t y  (a b s o r p t io n  c o e f f i c i e n t )  m o d u la t io n  s t r e n g th  d u e  t o  th e  S A W - in d u c e d  
e l e c t r i c  f i e ld .  T y p i c a l  e l e c t r o - o p t i c  ( r e f r a c t i v e  in d e x )  a n d  e l e c t r o - a b s o r p t i v e  t y p e s  o f  
m o d u la t o r s  r e q u i r e  c h i i p  p a r a m e t e r s  o f  > 1 0  a n d  <  1, r e s p e c t i v e l y  [4 .1 6 ] .
T h e  o p t i c a l  c o n f in e m e n t  f a c t o i T  is  d e t e r m in e d  u s in g
J (p ( z ) ( p  * ( z ) d z
the core region of
^  the waveguide device /0 *-j\
1  =  j= -  ,  ( 3 . 7 )
J (p (z > p  ( z ) d z
Ute completed 
guiding field region
w h e r e  (p ( z )  is  th e  m o d a l  e l e c t r i c  f i e l d  p r o f i l e  in  th e  d e v i c e  s t r u c tu r e  a n d  z  is  th e  g r o w t h  
d i r e c t io n  o f  Q W .  T h i s  T  p a r a m e t e r  in d ic a t e s  th e  p o r t io n  o f  th e  o p t i c a l  p o w e r  
o v e r l a p p in g  w i t h  th e  c o r e  r e g i o n ,  w h ic h  c o n s is t s  o f  th e  Q W s  a c t i v e  r e g i o n  a n d  th e  t w o  
b u f f e r  la y e r s  b e t w e e n  Q W s  a n d  th e  t w o  ( t o p  a n d  b o t t o m )  c la d d in g  la y e r s ,  w i t h in  th e  
e n t ir e  d e v i c e  s t r u c tu r e .  T h e r e f o r e ,  a n  e f f i c i e n t  m o d u la t o r  r e q u ir e s  a  la r g e  v a lu e  o f  T .  
H i g h  p e r f o r m a n c e  m o d u la t o r s  a ls o  r e q u i r e  l o w  a i oss, w h ic h  is  a  m e a s u r e  o f  th e  in s e r t io n  
lo s s  o f  th e  d e v i c e .  F o r  p h a s e  m o d u la t io n ,  a i oss is  d e f in e d  as  a eff w i t h o u t  th e  S A W  
e f f e c t  w h e n ,  f o r  a b s o r p t i v e  m o d u la t o r ,  a i oss is  d e f i n e d  a s  th e  O N - s t a t e  a eff.
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4 .3  R e s u l t s  a n d  D i s c u s s i o n s
T h e  th r e e  Q W  s t r u c tu r e s  c o n s id e r e d  h e r e  h a v e  1, 5  a n d  2 5  p e r io d s  o f  an  
1 0 0 A / 1 0 0 A  A lo .3G a o .7A s / G a A s  Q W  s t r u c tu r e  w h ic h  a r e  u s e d  a s  a n  a c t i v e  r e g i o n  o f  th e  
a c o u s t o  - a b s o r p t i v e  a n d  - o p t i c  m o d u la t o r s .  A  h ig h  p e r f o r m a n c e  a b s o r p t i v e  m o d u la t o r  
r e q u ir e s  a  h ig h  C R ,  a  l o w  o p t i c a l  m o d u la t io n  (a n d  th u s  l o w  P m0d ), a n d  a  l o w  0 C[Oss w h i l e  
a  g o o d  e l e c t r o - o p t i c  m o d u la t o r  r e q u ir e s  a  h ig h  r j ,  a  l a r g e  p h a s e  c h a n g e ,  a  l o w  
a b s o r p t io n  c h a n g e  (a n d  th u s  h ig h  f3mod) ,  a  s h o r t  S A W  a p e r tu r e  f o r  n  p h a s e  c h a n g e  a n d  
a  l o w  oiioss.
I n  th e  c a lc u la t io n  o f  a b s o r p t io n  c o e f f i c i e n t ,  th e  L o r e n t z i a n  b r o a d e n in g  p r o f i l e  is  
u s e d  a n d  th e  H W H M  e x c i t o n  b r o a d e n in g  f a c t o r  a r e  e x t r a c t e d  f r o m  e x p e r im e n t a l  d a ta  
[4 .1 7 ,  4 .1 8 ] .  T h e  H W H M  o f  t h e  h e a v y  h o le  ( H H )  a n d  th e  l i g h t  h o le  ( L H )  a r e  
c o n s id e r e d  t o  b e  th e  s a m e  a n d  h a v e  a  v a lu e  o f  3  m e V  w h ic h  is  a v e r a g e d  f r o m  th e  
v a lu e s  t a k e n  f r o m  r e f .  [ 4 . 1 7 ]  a n d  [4 .1 8 ] .  A l t h o u g h  th e  p i e z o e l e c t r i c  e l e c t r i c  f i e l d  
in d u c e d  b y  S A W  w i l l  e n h a n c e  th e  b r o a d e n in g  f a c t o r ,  its  e f f e c t  t o  t h e  b r o a d e n in g  f a c t o r  
is  s t i l l  n o t  w e l l  k n o w n  a n d  th u s  h a s  n o t  b e e n  c o n s id e r e d  in  o u r  m o d e l .
T h e  e f f e c t s  o f  S A W  o n  th e  Q W s  a r e  f i r s t  in v e s t ig a t e d .  T h r o u g h  th e  
u n d e r s t a n d in g  o f  o p t i c a l  g u id in g  a n d  in t e r a c t io n  b e t w e e n  th e  m o d a l  f i e ld  a n d  a c t i v e  
r e g io n ,  a  f i v e  p e r io d s  a n d  a  s in g le  Q W  m o d u la t o r s  a r e  th e n  a n a ly s e d .  In  o r d e r  t o  
e n h a n c e  th e  m o d u la t io n  e f f i c i e n c y  a n d  t o  r e d u c e  th e  S A W  a p e r tu r e  (m o d u la t io n  
l e n g t h ) ,  an  o p t im is e d  Q W  m o d u la t o r  s t r u c tu r e  c o n t a in in g  2 5  Q W s  is  d e s ig n e d  a n d  
e v a lu a t e d .
4.3.1. SAW Effects on QW Structures
T h e  e f f e c t s  o f  S A W ,  w i t h  p o w e r  a n d  w a v e l e n g t h  o f  l O m W  a n d  2 p m  
r e s p e c t i v e l y ,  o n  th e  o p t i c a l  p r o p e r t i e s  o f  a  2 5 - p e r i o d  o f  Q W  s t r u c tu r e  o n  t o p  o f  a  th ic k  
A lo .5G a o .5A s  l o w e r  c la d d in g  la y e r  is  c o n s id e r e d  h e r e .  T h e  Q W  p o t e n t ia l  p r o f i l e s  a r e  
t i l t e d  b y  a  S A W  in d u c e d  p o t e n t ia l ,  as  s h o w n  in  F i g .  4 .2 .  I t  c a n  b e  o b s e r v e d  th a t  th e  
s lo p e  o f  t h e  Q W  p o t e n t ia l  p r o f i l e  r e d u c e s  g r a d u a l ly  a n d  e v e n t u a l l y  s l ig h t ly  in c r e a s e s  in  
th e  d e e p e r  Q W s .  T h e  w a v e fu n c t i o n s  o f  th e  fu n d a m e n ta l  s ta t e s  o v e r  th e s e  2 5  Q W s  a r e  
l o c a l i s e d  in  th e  w e l l s  w i t h o u t  s ig n i f i c a n t  tu n n e l l in g  b e t w e e n  a d ja c e n t  w e l ls .  T h e  
c o r r e s p o n d in g  a b s o r p t io n  s p e c t r a  o f  th is  2 5 - Q W  s t r u c tu r e  is  s h o w n  in  F i g .  4 .3 .  T h e  
q u a n tu m  c o n f in e d  S t a r k  s h i f t  r e d u c e s  w i t h  d e p th  s ta r t in g  f r o m  th e  f i r s t  Q W  s in c e  th e
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g r a d ie n t  o f  Q W  p o t e n t ia l  p r o f i l e  r e d u c e s .  T h e  S t a r k  s h i f t  b e t w e e n  th e  5 th a n d  2 5 th Q W  
is  s o  s m a ll  th a t  th e  e x c i t o n  b a n d  e d g e s  lo c a t e  a t a lm o s t  th e  s a m e  w a v e l e n g t h  as  th a t  o f  
th e  Q W  e x c i t o n  b a n d  e d g e  w i t h o u t  a n y  S A W  e f f e c t .  C o n s e q u e n t ly ,  o n l y  th e  f i r s t  5 
Q W s  ( t h ic k n e s s  e q u iv a le n t  t o  a  d e p th  o f  0 .0 5  A,Saw )  a r e  s u i t a b le  f o r  u s e  as  a  Q C S E  
m o d u la t o r .
4.3.2 5 -Period QW Modulator
T o  d e v e l o p  th e  5 - Q W  s t r u c tu r e  a s  e l e c t r o - o p t i c  a n d  e l e c t r o - a b s o r p t i v e  
m o d u la t o r s ,  th e  S A W  e f f e c t  h a s  t o  b e  e n h a n c e d  a n d  th e  o p t i c a l  m o d e  f i e ld  h a s  t o  b e  
c o n f in e d  t o  th e s e  5 Q W s  t o  o p t im is e  th e  m o d u la t io n  e f f i c i e n c y .  A s  s h o w n  in  F i g .  4 .4 ,  
t h e  S A W - i n d u c e d  e l e c t r i c  f i e l d  c a n  b e  in c r e a s e d  b y  r e d u c in g  th e  n u m b e r  o f  Q W s  f r o m  
2 5  t o  5 . T h i s  im p r o v e m e n t  c a n  b e  e n h a n c e d  fu r t h e r  b y  in c r e a s in g  th e  A l  c o m p o s i t i o n  o f  
t h e  l o w e r  c la d d in g  l a y e r  f r o m  A lo .5G a o .5A s  t o  A l A s .  H o w e v e r ,  s in c e  th e  w a v e g u id e  
c o r e  r e g i o n  o f  0 . 1 1 p m  ( 5 - Q W )  is  t o o  th in  t o  s u p p o r t  a n y  g u id in g  m o d e s ,  a n  e x t r a  
b u f f e r  l a y e r  o f  A lo .5G ao .5A s  is  in s e r t e d  b e t w e e n  th e  Q W s  a n d  l o w e r  c la d d in g  la y e r .  B y  
in c r e a s in g  th e  th ic k n e s s  o f  th is  b u f f e r  l a y e r  f r o m  0  t o  0 .0 4 p m ,  th e  f i r s t  g u id e d  m o d e  is  
o b t a in e d .  T h e r e f o r e ,  th e  o p t im is e d  s t r u c tu r e  c o n ta in s  a  G a A s  s u b s t r a te ,  a  2 p m  A l A s  
c la d d in g  la y e r ,  a  0 . 0 4 p m  A lo .5G a o .5A s  b u f f e r  la y e r  w i t h  5 Q W s  o n  t o p .  T h e  S A W  
p o w e r  a n d  X Sa w  a r e  l O m W  a n d  2 p m  r e s p e c t i v e ly .  T h e  m o d a l  f i e l d  a n d  th e  r e f r a c t i v e  
in d e x  p r o f i l e  o f  th e  s t r u c tu r e  a t Xop =  0 .8 7 2 p m  a r e  s h o w n  in  F i g .  4 .5 .  T h e  l o w e r  
n u m b e r  o f  Q W  p e r io d s  a n d  in c r e m e n t  o f  A l  c o m p o s i t i o n  im p r o v e  th e  c o n f in e m e n t  o f  
o p t i c a l  f i e l d  t o  th e  Q W  r e g io n .  A s  c o m p a r e d  t o  th e  p r e v io u s  2 5 - Q W  s tru c tu r e ,  th e  
o p t i c a l  c o n f in e m e n t  o f  th e  m o d a l  f i e l d  in  th e  t o p  f i v e  Q W s  ( t h ic k n e s s  e q u iv a le n t  t o  
0 .0 5  A,saw )  im p r o v e s  b y  m o r e  th a n  4 0  t im e s  f r o m  le s s  th a n  0 .0 1  t o  0 .4  in  th e  o p t im is e d  
s t ru c tu r e  w h ic h  r e s u lts  in  a  h i g h e r  m o d u la t io n  e f f i c i e n c y .
T h e  a b s o r p t io n  m o d u la t o r  is  s e l e c t e d  t o  o p e r a t e  a t th e  w a v e l e n g t h  o f  th e  H H  
e x c i t o n  p e a k  in  th e  p r e s e n c e  o f  a  S A W .  T h e  T E  m o d e  a b s o r p t io n  c o e f f i c i e n t  o f  th e  5 -  
Q W  s t r u c tu r e  is  s h o w n  in  F i g .  4 .6 .  A l t h o u g h  th e  e x c i t o n  b a n d  e d g e s  o f  th e s e  5  Q W s  
d o  n o t  c o in c id e  d u e  t o  th e  d e c a y  o f  t h e  S A W - i n d u c e d  e l e c t r i c  f i e l d  w i t h  d e p th ,  th e  
m a g n i tu d e  o f  q u a n tu m  c o n f in e d  S t a r k  s h if t  o f  e a c h  o f  t h e s e  Q W s  in c r e a s e s  b y  
c o m p a r in g  th e  1st Q W  a n d  th e  5 th Q W  t o  th a t  o f  th e  p r e v i o u s  2 5 - Q W  s t ru c tu r e .  T h is
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im p l ie s  th a t  th e  o p t im is e d  s t r u c tu r e  is  m o r e  p r a c t ic a l  f o r  d e v i c e  a p p l ic a t io n s .  T h e  
e l e c t r o - o p t i c  a n d  e l e c t r o - a b s o r p t i v e  m o d u la t o r s  o f  th e  5 - Q W  d e v i c e  a r e  g i v e n  in  T a b l e  
4 .1 .  F o r  th e  a b s o r p t i v e  m o d u la t o r ,  t h e r e  is  a  t r a d e - o f f  b e t w e e n  A a eff (a n d  th u s  C R )  
a n d  otioss- F o r  in s ta n c e ,  a t A,op =  0 .8 5 2 p m ,  a l t h o u g h  A a eff is  as  h ig h  as  6 0 0 0 c m '1 
( c a lc u la t e d  f r o m  F ig .  4 .6 ) ,  a i oss =  1 1 0 0 c m ' 1 is  t o o  la r g e  t o  b e  p r a c t ic a l .  I n  o r d e r  t o  
h a v e  a  l o w e r  a i oss, Xop s h o u ld  b e  k e p t  a w a y  ( >  0 .8 6 p m )  f r o m  th e  e x c i t o n  a b s o r p t io n  
e d g e  w i t h o u t  th e  S A W  e f f e c t .  Xop is  s e l e c t e d  t o  b e  0 .8 6 4  p m  f o r  an  o p t im is e d  
a b s o r p t i v e  m o d u la t io n .  F o r  a  S A W  a p e r tu r e  o f  l <5“  p m ,  th e  C R ,  a i oss a n d  j3m0d a r e  2 1 .4  
d B ,  4 2 7 .5  c m ' 1 a n d  - 0 . 5  r e s p e c t i v e ly .  (3mod is  n e g a t i v e  a t th is  w a v e le n g t h ,  s o  th a t  
f r e q u e n c y  c o m p r e s s io n  o f  th e  o p t i c a l  s o u r c e  is  p o s s ib le ,  w h ic h  m a k e s  th is  m o d u la t o r  
a t t r a c t iv e .
F o r  th e  o p t i c a l  m o d u la t io n ,  t h e r e  a r e  t r a d e - o f f s  b e t w e e n  r e f r a c t i v e  in d e x  
c h a n g e ,  a i oss a n d  (3mod- A s  s h o w n  in  F i g .  4 .7 ,  th e  c h a n g e  o f  r e f r a c t i v e  in d e x  m a x im is e s  
a t  A,op =  0 .8 5 3 p m .  A t  th is  o p t i c a l  w a v e l e n g t h ,  p Illod is  le s s  th a t  1 0  d u e  t o  a  la r g e  A a eff, 
a s  s h o w n  in  F i g .  4 .6 ,  a n d  a i oss is  l a r g e  ( >  1 0 0 0  c m 1) .  C o n s e q u e n t ly ,  i t  is  n o t  p r a c t ic a l  
t o  o p e r a t e  a t th is  A,op. I t  is  u s e fu l  t o  n o t e  th a t  p mod is  >  1 0  , w h ic h  is  th e  r e q u ir e m e n t  
f o r  a  g o o d  p h a s e  m o d u la t o r ,  f o r  A,op a b o v e  0 .8 8 1 p m .  T h e  v a lu e  o f  p m0d c a n  b e  
in c r e a s e d  b y  o p e r a t in g  a t l o n g e r  w a v e le n g t h s ,  h o w e v e r ,  th e  p h a s e  c h a n g e  w i l l  w e a k e n  
as  s h o w n  in  T a b l e  4 .1 .  A s  a  c o n s e q u e n c e ,  th e  s e l e c t e d  o p e r a t in g  w a v e l e n g t h  A,op is  
a b o v e  0 .8 8 1  p m ,  w h e r e  A $  is  2 .1  r a d ia n  a n d  a i oss is  o n l y  7 .3  c m 1.
4.3.3 Single QW Modulator
I n  o r d e r  t o  im p r o v e  th e  a b s o ip t i o n  m o d u la t io n  t o  o b t a in  a  h ig h e r  C R  a n d  l o w e r  
aioss, as  c o m p a r e d  t o  th e  p r e v io u s  5 - Q W s  c a s e ,  a  s in g le  Q W  s t r u c tu r e  is  u s e d .  I n  th e  
p r e v i o u s  5 - Q W  s t r u c tu r e  th e  m o d e  f i e l d  p e a k s  a t -  0 . 1 p m  a n d  th e  th ic k n e s s  o f  th e  c o r e  
r e g i o n  ( in c lu d in g  th e  b u f f e r  r e g i o n )  is  th e  m in im u m  th ic k n e s s  r e q u i r e d  t o  o b t a in  a  
s in g le  m o d e  o p e r a t io n .  C o n s e q u e n t ly ,  th e  s in g le  Q W  s t r u c tu r e  is  d e s ig n e d  t o  p u t  th e  
Q W  a t  a  d e p th  o f  0 . 1 p m  a n d  th e  c o r e  th ic k n e s s  o f  th e  s in g le  Q W  d e v i c e  is  s im ila r  t o  
th a t  o f  th e  5 - Q W  s t r u c tu r e .  T h i s  w i l l  r e s u lt  in  a  s t r o n g  o v e r l a p  b e t w e e n  th e  m o d e  f i e l d  
p r o f i l e  a n d  th e  a c t i v e  r e g i o n  t o g e t h e r  w i t h  a  w e l l - c o n f in e d  s in g le  o p t i c a l  m o d e .  T h e
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s t r u c tu r e  o f  th e  s in g le  Q W  m o d u la t o r  is  a  G a A s  s u b s t ra te ,  2 p m  A l A s  l o w e r  c la d d in g  
la y e r ,  0 . 0 4 p m  A lo .5G a o .5A s  b u f f e r  r e g i o n ,  IO O A / IO O A  A lo .3G a o .7A s / G a A s  s in g le  Q W ,  
a n d  0 .0 8  p m  u p p e r  A lo .5G ao .5 A s  c la d d in g  la y e r .  T h e  S A W  p o w e r  a n d  Z Saw  a r e  th e  
s a m e  a s  t h o s e  f o r  th e  5 Q W  s t ru c tu r e .  T h e  r e f r a c t i v e  in d e x  p r o f i l e  a n d  th e  m o d a l  f i e ld  
a r e  s h o w n  in  F i g .  4 .5 .  A s  e x p e c t e d ,  t h e  p e a k  o f  th e  m o d e  in t e n s i t y  is  l o c a t e d  a t th e  
s in g le  Q W  r e g i o n  w i t h  o n ly  a  s l ig h t  m is m a t c h  b e c a u s e  X op is  s e l e c t e d  t o  b e  ~  0 .8 5 9 p m  
in s t e a d  o f  0 .8 7 2 p m ,  as  is  u s e d  in  th e  5 - Q W  s tru c tu r e .  W i t h  a  d i f f e r e n t  Z op, th e  
r e f r a c t i v e  in d e x  o f  th e  s t r u c tu r e  c h a n g e s  a n d  p r o d u c e s  a n  a c c e p t a b le  s m a ll  s h i f t  o f  th e  
p e a k  m o d e  f i e l d  p o s i t i o n .
T h e  a b s o r p t io n  m o d u la t o r  p r o p e r t i e s  a r e  g i v e n  in  T a b l e  4 .2 .  F o r  a  S A W  
a p e r tu r e  o f  I is p m ,  th e  C R  is  1 7 .8  d B  a n d  p mod is  - 0 . 8 7  a t a  Z op o f  0 .8 6 4  p m .  T h i s  
v a lu e  o f  p mod is  n e g a t i v e  s o  th a t  f r e q u e n c y  c o m p r e s s io n  c a n  b e  a c h ie v e d .  A l t h o u g h  th e  
r  o f  th is  d e v i c e  is  r e d u c e d  t o  0 .2 ,  h a l f  th a t  o f  th e  5 Q W  s t r u c tu r e ,  th e  m o d u la t io n  
p e r f o r m a n c e ,  in  t e r m s  o f  a i oss a n d  C R ,  is  b e t t e r  th a n  th e  5 Q W  s tru c tu r e .  T h e  m a in  
r e a s o n  is  th a t ,  a i oss in  th e  s in g le  Q W  d e v i c e  is  7 1 . 6 c m '1 w h ic h  is  o n l y  ~  6 0 %  o f  th a t  in  
th e  5 Q W  s t r u c tu r e  a t a  Z op b e t w e e n  0 .8 6 2  a n d  0 .8 6 6 p m .  T h e r e f o r e ,  f o r  th e  s a m e  
o p t i c a l  lo s s ,  i . e . ,  p o w e r  lo s s ,  th e  C R  o f  t h e  s in g le  Q W  s t r u c tu r e  c a n  b e  in c r e a s e d  b y  
m o r e  th a n  s e v e n t e e n  t im e s ,  i . e .  - 1 2 4  d B ,  w h i l e  th a t  o f  5 - Q W  o n e  is  o n l y  2 2 .7  d B .  In  
th e  5 - Q W  c a s e ,  th e  r e la t i v e  l o w  C R  a r e  d u e  t o  ( i )  th e  d i f f e r e n t  Q C S S  o f  th e  e x c i t o n  
e d g e s  o f  th e  5  Q W s ,  th e  4 th Q W  p r e d o m in a n t ly  d e t e r m in e s  th e  a b s o r p t io n  c h a n g e  o f  
th e  o p t i c a l  f i e l d  a t  th e  o p t im is e d  Z op =  0 .8 6 4 p m ,  w h i l e  o t h e r  Q W s  p r o v id e  a  w e a k e r  
a b s o ip t i o n  c h a n g e ,  as  s h o w n  in  F i g .  4 .6 .  ( i i )  a l l  o f  th e  Q W s  p r o v id in g  th e  s a m e  
a m o u n t  o f  a i oss (1 1 5 .7 c m " 1)  w i t h o u t  a n y  S A W  in d u c e d  e f f e c t s  a t th e  o p t im is e d  
o p e r a t in g  w a v e le n g t h .  T h e s e  e f f e c t s  e x p la in  w h y  th e  s in g le  Q W  s t r u c tu r e  h a s  a  b e t t e r  
m o d u la t io n  p e r f o r m a n c e  th a n  th e  5 - Q W  s tru c tu re .
A  Z 0p o f  0 .8 6 9 p m  is  s e l e c t e d  f o r  t h e  o p e r a t in g  w a v e l e n g t h  o f  th e  p h a s e  
m o d u la t o r  s in c e  th e  o p t i c a l  m o d u la t io n  is  la r g e r  in  th e  r e g i o n  w i t h  p mod >  1 0 , as  s h o w n  
in  T a b l e  4 .2 .  W h e n  Z op is  r e d u c e d  t o  0 .8 6 6 p m ,  a  la r g e r  p h a s e  c h a n g e  o f  2 .3 9  r a d ia n s  
c a n  b e  o b t a in e d  b u t  p mod is  r e l a t i v e  w e a k  =  7 . B y  c o m p a r in g  th e  m o d u la t io n  
p e r f o r m a n c e  in  t e r m s  o f  p h a s e  c h a n g e ,  f o r  th e  s a m e  p o w e r  lo s s ,  th is  s in g le  Q W  d e v i c e  
is  1 .5 2  r a d ia n s  a t th e  s e l e c t e d  Z op, w h ic h  is  w e a k e r  th a n  th a t  o f  th e  5 - Q W  s t r u c tu r e  a t
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A-0p o f  0 .8 8 2  p m .  C o n s e q u e n t ly ,  t h e  5 - Q W  m o d u la t o r  p r o v id e s  a  b e t t e r  p h a s e  
m o d u la t io n  w h i l e  th e  s in g l e  Q W  s t r u c tu r e  is  b e t t e r  f o r  a b s o ip t i o n  m o d u la t io n .
4.3.4 25-Period QW Modulator
T h e r e  a r e  t w o  im p o r t a n t  f a c t o r s  in  th e  d e v e lo p m e n t  o f  a  S A W  m o d u la t o r  w i t h  
a  2 5 - p e r i o d  ( - 0 . 5 p m )  Q W  a c t i v e  r e g io n .  F i r s t ly ,  a  l in e a r  S A W - i n d u c e d  p o t e n t ia l  o v e r  
a  d e p th  o f  0 . 5 p m  is  r e q u i r e d  s o  th a t  c o n s is t e n t  e x c i t o n  a b s o ip t i o n  e d g e s  c a n  b e  
o b t a in e d .  S e c o n d ly ,  a  la r g e  S A W  p o t e n t ia l  g r a d ie n t  >  5 0  k V / c m  is  r e q u i r e d  s o  th a t  a 
la r g e  Q C S E  c a n  b e  p r o d u c e d .  A s  s h o w n  in  F i g .  4 .8 ,  a  m o r e  l in e a r  S A W - in d u c e d  
p o t e n t ia l  is  o b t a in e d  b y  in c r e a s in g  A,Saw  f r o m  2 p m  t o  3 p m .  H o w e v e r ,  th e  S A W  
p o t e n t ia l  is  t o o  w e a k  t o  p r o v id e  th e  r e q u i r e d  Q C S E .  A  0 .3  ASaw  t h ic k  la y e r  o f  Z n O  
d e p o s i t e d  o n  th e  t o p  s u r fa c e  o f  th e  A lG a A s / G a A s  m a te r ia l  s t r u c tu r e  m a y  b e  u s e d  t o  
e n h a n c e  th e  S A W  in d u c e d  p o t e n t ia l  b y  a  f a c t o r  o f  7  [4 .1 9 ] .  A  l in e a r  S A W  p o t e n t ia l ,  
w i t h  g r a d ie n t  e q u iv a le n t  t o  a n  a p p l i e d  e l e c t r i c  f i e ld  o f  ~  8 0 k V / c m ,  c a n  t h e r e f o r e  b e  
o b t a in e d  a t  d e p th s  b e t w e e n  1 .7 p m  t o  2 . 8 p m ;  a  r a n g e  g r e a t e r  th a n  0 .5 p m .
T h e  a b s o ip t i o n  s p e c t r a  o f  Q W s  a t d i f f e r e n t  d e p th s  a r e  s h o w n  in  F i g .  4 .9 .  T h e  
s t r e n g th  o f  t h e  Q C S E  in  d e p th s  r a n g e d  f r o m  1 .9 p m  (e q u iv a le n t  t o  a  d e p th  o f  2/3 A,saw )  
t o  2 . 4 p m  is  q u i t e  c o n s is t e n t  s o  th a t  th e  e x c i t o n  a b s o r p t io n  e d g e s  o f  r e s p e c t i v e l y  Q W s  
c o in c id e  a t t h e  s a m e  p h o t o n  w a v e l e n g t h .  C o n s e q u e n t ly ,  a  m o d u la t o r  w i t h  a  2 5 - Q W  
c a n  b e  d e s ig n e d  t o  h a v e  u s e fu l  m o d u la t o r  p r o p e r t ie s .  T h e  s t r u c tu r e  c o n s is t s  o f  a  G a A s  
s u b s t r a t e ,  a  2 p m  A lo .5G a o .5A s  l o w e r  c la d d in g  la y e r ,  2 5  p e r io d s  o f  A lo .3 G ao .7A s / G a A s  
Q W s ,  1 .9 p m  o f  A lo .5G a o .5A s  o f  u p p e r  c la d d in g  la y e r  a n d  a  Z n O  f i l m  o n  t o p  t o  e n h a n c e  
th e  S A W  p o t e n t ia l .  T h e  S A W  p o w e r  a n d  A,Saw  a r e  l O m W  a n d  3 p m  r e s p e c t i v e ly .  T h e  
r e f r a c t i v e  in d e x  p r o f i l e  a n d  th e  m o d a l  f i e l d  o f  th is  d e v i c e  s t r u c tu r e  f o r  Xop =  0 .8 6 p m  a r e  
s h o w n  in  F i g .  4 .1 0 .  S in c e  th e  c o r e  th ic k n e s s  h as  in c r e a s e d  f r o m  ~ 0 .1 4 p m  in  th e  
p r e v io u s  t w o  s t r u c tu r e s  t o  0 . 5 p m  in  th e  2 5 - Q W  s t ru c tu r e  h e r e ,  th e  o p t i c a l  c o n f in e m e n t  
f a c t o r  o f  th is  s t ru c tu r e  is  o v e r  0 .9 2 .
T h e  A op f o r  th e  a b s o r p t io n  m o d u la t o r  s h o u ld  b e  in  t h e  r a n g e  o f  0 .8 5 9  p m  a n d  
0 .8 6 1  p m .  S in c e  a l l  H H  e x c i t o n  p e a k s  o f  t h e  2 5  Q W s ,  in  th e  p r e s e n t  o f  th e  S A W ,  
m e r g e  w i t h  in  th is  w a v e l e n g t h  r a n g e ,  a  la r g e  a b s o r p t io n  c h a n g e  c a n  b e  o b t a in e d .
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M o r e o v e r ,  a  n e g a t i v e  r e f r a c t i v e  in d e x  c h a n g e  c a n  b e  a c h ie v e d  in  th e  r e g i o n  b e t w e e n  
0 .8 5 9 - 0 .8 6 p m  s o  th a t  a  n e g a t i v e  {3mod a n d  th u s  f r e q u e n c y  c o m p r e s s io n  c a n  b e  
p r o d u c e d ,  s e e  F i g  4 .1 1 .  T h e  p r o p e r t i e s  o f  th e  a b s o r p t io n  m o d u la t o r  in  th is  o p t i c a l  
w a v e l e n g t h  r a n g e  a r e  g i v e n  in  T a b l e  4 .3 .  F o r  a  S A W  a p e r tu r e  o f p m0d a n d  C R  
a r e  - 0 . 1 7  a n d  1 5 .2  d B ,  r e s p e c t i v e l y  f o r  Xop o f  0 .8 6 p m .  F o r  o p t i c a l  m o d u la t io n ,  as  
s h o w n  in  F i g .  4 .1 1 ,  v a r ia t io n s  o f  th e  r e f r a c t i v e  in d e x  c h a n g e  f o r  e a c h  o f  th e  2 5 - p e r i o d  
Q W  w i t h  w a v e le n g t h s  is  a lm o s t  th e  s a m e  t o  e a c h  o t h e r  in  c o m p a r is o n  t o  th e  5 - Q W  
s t r u c tu r e  w h e r e  t h e  s p e c t r a  o f  r e f r a c t i v e  in d e x  c h a n g e  o f  e a c h  Q W  d o  n o t  c o in c id e ,  as 
s h o w n  in  F i g .  4 .7 .  T h i s  s u g g e s t s  th a t  th e  2 5 - p e r i o d  p h a s e  m o d u la t o r s  c a n  p r o v i d e  a  
la r g e  p h a s e  c h a n g e  th a n  th e  5 - p e r i o d  o n e .  F o r  a  S A W  a p e r tu r e  o f  5 0 p m ,  o n e - t e n th  
th a t  o f  th e  5 - Q W  s t r u c tu r e ,  a t  a  s e l e c t e d  Xop o f  0 .8 7 0 p m ,  th e  p h a s e  c h a n g e  is  >  0 .5 1  
r a d ia n  a n d  p  is  a b o v e  6 .3  w h i l e  P mod is  1 0 .8  f o r  th e  2 5 - p e r i o d  Q W  s tru c tu r e .  T h e  
r e f r a c t i v e  in d e x  c h a n g e  f o r  a  b u lk  A l G a A s  S A W  m o d u la t o r  is  ~ 1 0 ' 4 [ 4 . 2 0 ] ,  w h i l e  i t  is  
~ 1 0 "3 in  o u r  o p t i c a l  m o d u la t o r ,  a s  g i v e n  in  T a b l e  4 .3 .  T h i s  im p l ie s  th a t  th e  o p t i c a l  
m o d u la t io n  o b t a in e d  h e r e  is  in  o r d e r  o f  m a g n i tu d e  b e t t e r  th a n  a  c o n v e n t io n a l  b u lk  I I I -  
V  s e m ic o n d u c t o r  S A W  d e v i c e .  F o r  b o t h  e l e c t r o - o p t i c  a n d  e l e c t r o - a b s o r p t i v e  
m o d u la t o r s ,  s in c e  th e  n u m b e r  o f  Q W  p e r io d s  in c r e a s e s  t o  2 5 ,  th e  S A W  a p e r tu r e  c a n  b e  
r e d u c e d  f r o m  i p ;  p m  t o  US  p m  w h i l e  th e  C R  r e ta in s  th e  s a m e  o r d e r  o f  m a g n itu d e .  
T h e r e f o r e ,  th e  in t e r a c t io n  t im e  b e t w e e n  th e  m o d e  f i e l d  a n d  th e  S A W  r e d u c e s ,  w h ic h  
im p l i e s  th a t  th e  m o d u la t o r  b a n d w id t h  a ls o  in c r e a s e s  in  th e  2 5 - Q W  s tru c tu re .
4 .4  S u m m a r y
S A W  b a s e d  e l e c t r o - a b s o r p t i v e  a n d  e l e c t r o - o p t i c  m o d u la t o r s  in  Q W s  h a v e  b e e n  
in v e s t i g a t e d  th e o r e t i c a l l y .  T h e  Q W  a c t i v e  r e g i o n  in c lu d e s  1 0 0 A / 1 0 0 A  
A lo .3G ao .7A s / G a A s  s in g le  Q W ,  5 p e r io d s  Q W  a n d  2 5  p e r io d s  Q W .  S in c e  th e  S A W  
e f f e c t s  r e d u c e  n o n - u n i fo r m ly  w i t h  d e p th ,  th e  l o c a t i o n  o f  th e  Q W  s ta c k  a n d  it s  n u m b e r  
o f  p e r io d s  n e e d  t o  b e  d e s ig n e d  a n d  o p t im is e d  c a r e fu l ly .  T h e  r e s u lts  s h o w  th a t  th e  
a c t i v e  Q W  r e g i o n  w i t h  a  th ic k n e s s  le s s  th a n  5 %  o f  A ,S a w  s h o u ld  b e s t  b e  p la c e d  a t th e  
t o p  s u r fa c e  s o  th a t  s t r o n g  S A W  e f f e c t s  c a n  b e  u t i l is e d .  F o r  a  t h ic k  Q W  s t r u c tu r e ,  s u c h  
as  2 5  p e r i o d  Q W ,  an  u n i f o r m  S A W  in d u c e d  e l e c t r i c  f i e l d  is  r e q u i r e d  a n d  t h e r e f o r e  th e  
p e r i o d  Q W  s t r u c tu r e  s h o u ld  b e  is  l o c a t e d  a t a  d e p th  o f  -  2/3 A ,S a w  b e l o w  th e  t o p
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s u r fa c e  w h e r e  th e  S A W  in d u c e d  f i e l d  is  o f  a  l o w e r  m a g n itu d e .  S in c e  th e  S A W  
p o t e n t ia l  in  th is  r e g i o n  is  s m a ll ,  d e p o s i t e d  Z n O  f i lm s  a r e  r e q u ir e d  t o  e n h a n c e  th e  S A W  
in d u c e d  p o t e n t ia l .  M o r e o v e r ,  a  l o n g e r  / saw  is  u s e d  t o  o b t a in  a  m o r e  l in e a r  S A W  
p o t e n t ia l .  O p t i c a l  c o n f in e m e n t  o f  th e  a c t i v e  r e g i o n  is  s h o w n  t o  b e  im p o r ta n t  f o r  th e  
h ig h  m o d u la t io n  e f f i c i e n c y .  F o r  m o d u la t io n  w i t h  a  th in  a c t i v e  Q W  r e g io n ,  s u c h  as  
s in g l e  a n d  f i v e  p e r i o d s  Q W ,  h ig h  A l  c o n c e n t r a t io n  c l a d d in g  la y e r s  s h o u ld  b e  u s e d .
F r o m  th e  m o d u la t io n  p r o p e r t i e s  o f  th e  th r e e  Q W  p e r io d s ,  i t  is  c o n c lu d e d  th a t  
th e  s in g le  Q W  s t r u c tu r e  p r o v id e s  b e t t e r  a b s o r p t io n  m o d u la t io n  th a n  th e  5 - Q W  
s t r u c tu r e ,  w h i l e  it  is  v i c e  v e r s a  f o r  th e  o p t i c a l  m o d u la t io n .  T h e  2 5 - Q W  m o d u la t o r s  
o f f e r  th e  a d v a n ta g e  o f  a  s m a l le r  S A W  a p e r tu r e ,  a n d  th u s  a  h ig h e r  m o d u la t io n  
b a n d w id t h  as  c o m p a r e d  t o  t h e  o t h e r  t w o  s m a l le r  Q W  s t ru c tu r e s .  B y  c o m p a r is o n  w i t h  
c o n v e n t io n a l  S A W  d e v i c e s ,  th e  e f f e c t i v e  in d e x  c h a n g e  o f  th e s e  S A W - Q W  d e v ic e s  
p r o v id e  a t le a s t  a  1 0  t im e s  im p r o v e m e n t .  C o n s e q u e n t ly ,  S A W s  p r o d u c e  u s e fu l  e l e c t r o ­
o p t i c  a n d  e l e c t r o - a b s o r p t i v e  m o d u la t o r s  w h ic h  m a k e  th e  Q W  a c o u s t o - a b s o ip t i v e  a n d  
a c o u s t o - o p t i c  d e v i c e s  m u c h  m o r e  a t t r a c t i v e  th a n  th e  b u lk  o r  h e t e r o ju n c t io n  s t ru c tu r e s  
f o r  S A W  a p p l ic a t io n s .
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T a b l e  4 .1  M o d u la t i o n  p r o p e r t i e s  o f  th e  5 Q W s  m o d u la t o r .  T h e  S A W  a p e r tu r e  is  
I fSTim.
a b s o r p t i v e  m o d u la t io n
/op ( [ t i n ) t^ioss ( c m  ) A o te ff ( c m '1)  A n eff ( 1 0 ' 2) C R  ( d B ) Pmod
0 .8 6 0 2 2 5 .0 4 3 6 .7 - 1 . 2 7 2 1 . 8 - 4 . 2 4
0 .8 6 2 1 5 5 .7 4 2 3 .8 - 6 . 3 6 2 1 . 2 - 2 1 . 8 8
0 .8 6 3 1 3 3 .2 4 3 7 .6 - 4 .0 1 2 1 .9 - 1 . 3 5
0 .8 6 4 1 1 5 .7 4 2 7 .5 - 0 . 5 0 2 1 .4 - 0 . 5 0
0 . 8 6 6 9 0 .4 2 9 3 .7 - 0 . 4 5 1 4 .6 - 0 . 4 5
p h a s e  m o d u la t io n
/op O^ ioss A0Ceff n eff n eff ( n o  A ([) p I f o r Pmod
( p m ) ( c m '1)  ( c m ' ) ( S A W ) S A W )  ( r a d . ) A(j)=TC
0 .8 7 6 3 9 .9 4 3 .3 3 .0 7 5 4 8 3 .0 7 5 2 9  0 .6 8 0 .1 1 2 3 0 5 0 .6 2
0 .8 7 8 3 5 .6 4 9 .7 3 .0 7 3 1 7 3 .0 7 2 4 6  2 .5 4 0 .9 1 6 1 8 2 .0 4
0 .8 8 0 3 2 .1 1 6 .6 0 .0 7 0 5 9 3 .0 6 9 8 3  2 .7 1 0 .9 5 5 7 9 6 .5 4
0 .8 8 1 3 0 .5 7 .3 3 .0 6 9 1 8 3 .0 6 8 5 9  2 .1 0 0 .7 5 7 4 6 1 1 .5
0 .8 8 2 2 9 .1 2 . 0 3 .0 6 7 8 3 3 .0 6 7 3 9  1 .5 6 0 .5 0 1 0 0 2 3 1 .3
T a b l e  4 .2 .  M o d u la t i o n  p r o p e r t i e s  o f  th e  s in g le  Q W  m o d u la t o r .  T h e  S A W  a p e r tu r e  is  
11S / p m .
a b s o r p t i v e  m o d u la t io n
/ op ( p m ) a i 0sS ( c m '1) A a eff ( c m '1)  A n eff (1  O '2) C R  ( d B ) Pmod
0 .8 5 9 7 1 .6 3 5 6 .8 - 2 . 1 2 1 7 .8 - 0 . 8 7
0 . 8 6 5 7 .6 3 5 1 .0 3 .2 1 1 7 .5 1 .3 4
0 .8 6 1 4 7 .4 1 1 2 .5 4 .0 2 1 0 . 6 2 .7 7
0 .8 6 2 3 9 .9 6 2 .2 2 .9 8 5 .6 3 .8 6
0 .8 6 3 3 4 .2 3 6 .2 2 .0 5 3 .1 4 .8 0
p h a s e  m o d u la t io n ( /tw C
/op C l^oss A a eff Heff n eff (n o A(|> ri Z f o r Pmod
( p m ) (c m " 1)  ( c m '1) ( S A W ) S A W ) ( r a d . ) A (j)=7 t
0 .8 6 4 2 9 .7 3 6 .2 3 .0 4 8 4 0 3 .0 4 6 9 8 5 .1 6 0 .2 8 3 0 4 5 .7
0 .8 6 5 2 6 .1 2 2 . 0 3 .0 4 6 4 4 3 .0 4 5 4 3 3 .6 7 0 .9 3 4 2 8 6 . 8
0 . 8 6 6 2 3 .2 1 3 .6 3 .0 4 4 6 2 3 .0 4 3 9 6 2 .3 9 0 .8 7 6 5 6 7 .0
0 .8 6 7 2 0 . 8 8 .5 3 .0 4 2 8 7 3 .0 4 2 5 0 1 .3 4 0 .3 9 1 1 7 1 6 .3
0 . 8 6 8 1 8 .8 5 .2 3 .0 4 1 3 5 3 .0 4 1 0 9 0 .9 4 0 . 2 1 1 6 6 9 7 .2
0 .8 6 9 1 7 .4 2 .7 3 .0 3 9 9 4 3 .0 3 9 7 0 0 . 8 6 0 .1 9 1 8 1 0 1 2 .9
0 .8 7 0 1 5 .7 1 .5 3 .0 3 8 5 5 3 .0 3 8 3 3 0 .7 9 0 .1 5 1 9 7 7 2 1 . 2
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Table 4.3.Modulation properties of the 25 QWs modulator. The SAW aperture is 
IL5pm.
absorptive modulation
Xop (pm) dioss (cm ) Aoteff (cm'1) Aneff (1 O'2) CR (dB) Pmod
0.859 644.5 2041 -3.0 10.2 -2.14
0.86 520.5 3029.5 -3.48 15.2 -0.17
0.861 431 2585 1.83 12.9 1.03
phase modulation UiiiaN
^op OCloss A (X eff fleff nCff (no A<j) ft
/
I for Pmod
(pm) (cm'1) (cm"1) (SAW) SAW) (rad.) A(j)=7t
0.869 162.6 36.1 3.48234 3.48079 0.56 7.64 280 6.2
0.870 149.7 18.9 3.48001 3.47860 0.51 6.34 308 10.8
0.871 138.6 7.1 3.47781 3.47654 0.46 5.15 343 25.8
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Interdigital transducer (IDT)
Q W  
region
S A W
F ig .  4 .1  S c h e m a t ic  d ia g r a m  o f  th e  p r o p a g a t i o n  o f  a  S A W  o n  t o p  o f  Q W s  s tru c tu r e .
E ( z )  is  th e  S A W  in d u c e d  p i e z o e l e c t r i c  f i e ld  a m p li tu d e ,  w h e r e  z  is  th e  
d i r e c t io n  n o r m a l  t o  t h e  p la n e  o f  t h e  q u a n tu m  w e l l s .
>
>52
[c§
cCD
O
Q.
depth (nm)
F i g .  4 .2  2 5  p e r io d s  o f  Q W s  o n  t o p  o f  A lo .5G a o .5A s  c la d d in g  t i l t e d  b y  S A W  p o t e n t ia l .
T h e  f i r s t  w a v e f u n c t i o n  o f  t h e  2 5  p e r io d s  o f  Q W s  lo c a l is e  in  t h e  w e l l  w i t h o u t  
s e r io u s  t u n n e l l in g .
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F ig .  4 .3  T E  m o d e  a b s o r p t io n  s p e c t r a  o f  2 5  p e r io d s  o f  Q W s  o n  t o p  o f  A lo .5G ao .5A s  
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s o l i d  l i n e ) ,  2 5 1' Q W  ( l i g h t  c o l o u r  d o t  l in e ) .
F i g .  4 .4  S A W - i n d u c e  e l e c t r i c  f i e l d  in  d i f f e r e n t  s t ru c tu r e :  2 5  p e r io d s  o f  Q W s  o n  t o p  
o f  A lo .5G a o .5A s  c la d d in g  ( s o l i d  l in e ) ,  5  p e r io d s  o f  Q W s  o n  t o p  o f  A lo .5G a o .5A s  
c la d d in g  ( d o t  l in e ) ,  a n d  5  p e r i o d s  o f  Q W s  o n  t o p  o f  A l A s  c la d d in g  (d a s h  
l in e ) .
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Fig. 4.10 Modal field and refractive index profile of the 25 QWs modulators.
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Chapter 5 
Interdiffusion Induced Modification of 
Surf ace-Acoustic-Wave A l G a A s / G a A s  
Q u a n t u m - W e l l  Modulators
Chapter 5
5 .1  I n t r o d u c t i o n
Q u a n tu m  w e l l  ( Q W )  in t e r d i f fu s io n  is  v e r y  u s e fu l  f o r  o p t o e l e c t r o n i c  in t e g r a t io n ,  
w h e r e  m a te r ia ls  w i t h  d i f f e r e n t  b a n d g a p s  a r e  r e q u ir e d  o n  a  s in g le  s u b s t r a te  f o r  th e  
f a b r i c a t io n  o f  l i g h t  e m it t in g  a n d  d e t e c t i o n  d e v ic e s  o p e r a t e d  a t  th e  s o m e  w a v e l e n g t h
[5 . 1 ] .  D i f f u s e d  q u a n tu m  w e l l s  ( D F Q W )  c a n  a ls o  b e  u s e d  a s  th e  a c t i v e  r e g i o n  o f  o p t i c a l  
d e v i c e s ,  s u c h  as  m o d u la t o r s  [ 5 . 2 , ] ,  a m p l i f ie r s  [ 5 .3 ]  a n d  la s e r s  [5 . 4 ] .  I n t e r d i f fu s io n ,  
w h ic h  is  a ls o  k n o w n  as  in t e r m ix in g ,  o c c u r s  a c r o s s  th e  w e l l - b a r r i e r  in t e r f a c e  t o  m o d i f y  
th e  s u b b a n d  s t r u c tu r e  a n d  th e  t r a n s i t io n  e n e r g ie s  w h e n  th e  s a m p le  is  a n n e a le d .  
C o n s e q u e n t ly ,  in t e r d i f fu s io n  p r o v id e s  t h e  a d v a n ta g e s  o f  p o s t  g r o w t h  m o d i f i c a t io n  o f  
th e  o p e r a t in g  w a v e l e n g t h  ( Z op)  a n d  th e  o p t i c a l  p r o p e r t i e s  o f  Q W  d e v ic e s  [ 5 .5 ] .  
A c o u s t o - o p t i e  d e v i c e s  u s in g  S A W  m e a n w h i l e  h a v e  b e e n  s tu d ie d  f o r  s o m e  t im e  b e c a u s e  
S A W  t e c h n o l o g y  p r o v id e s  th e  p o s s ib i l i t y  o f  a  t w o - d im e n s io n a l  a r r a y  o f  m o d u la t o r s  f o r  
o p t o - e l e c t r o n i c  in t e g r a t io n  [5 . 6 ] .  H e r e ,  th e  a d v a n ta g e s  o f  b o t h  S A W  t e c h n o l o g y  a n d  
in t e r d i f f u s i o n  a r e  u s e d  t o  d e v e l o p  h i g h  e l e c t r o - a b s o r p t io n  c h a n g e  S A W  m o d u la t o r s .
A s  d is c u s s e d  in  C h a p t e r  4 ,  d u e  t o  t h e  p i e z o - e l e c t r i c  e f f e c t ,  t h e  S A W  in d u c e s  
b o t h  a  p o t e n t ia l  a n d  an  e l e c t r i c  f i e l d  in  th e  Q W  s t ru c tu r e  w h ic h  r e d u c e s  n o n - u n i fo r m ly  
w i t h  d e p th .  T h e  in d u c e d  p o t e n t ia l  m o d i f i e s  th e  M Q W  s t r u c tu r e  a n d  th u s  it s  o p t i c a l  
p r o p e r t i e s .  A  m o r e  u n i f o r m  c h a n g e  o f  e a c h  Q W  in  th e  M Q W  s t r u c tu r e  c a n  b e  
o b t a in e d  b y  in c r e a s in g  th e  S A W  w a v e l e n g t h  (/ saw )- H o w e v e r ,  t h e  c h a n g e  o f  th e  Q W  
p r o p e r t i e s  w i t h  th e  in d u c e d  p o t e n t ia l  r e d u c e s  w h e n  Z Saw  in c r e a s e s ,  i . e .  t h e r e  is  a  t r a d e ­
o f f  b e t w e e n  th e  u n i f o r m i t y  a n d  th e  s t r e n g th  o f  t h e  v a r ia t io n  o f  t h e  Q W  p r o p e r t i e s [5 .7 ] .
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I n  th is  c h a p t e r ,  a  t h e o r e t i c a l  s tu d y  o f  an  e l e c t r o - a b s o r p t io n  A lG a A s / G a A s  
D F Q W  m o d u la t o r  u s in g  S A W  Q W  in t e r a c t io n s  is  o p t im is e d  f r o m  th e  5 p e r i o d  Q W  
m o d u la t o r  s t r u c tu r e  d is c u s s e d  in  C h a p t e r  4 ,  h e r e a f t e r  n a m e d  as  th e  p r e v io u s  5 Q W  
s t r u c tu r e ,  s o  th a t  i t  m a k e s  u s e  o f  b o t h  th e  s t e e p e r  S A W  p o t e n t ia l  a t  th e  d e v i c e  s u r fa c e  
f o r  m o d u la t io n  as  w e l l  as  a  l o n g e r  A,saw a n d  a  l o w e r  S A W  p o w e r  . T h e  w id t h  o f  th e  
t r a n s d u c e r  e l e c t r o d e  c a n  b e  in c r e a s e d  w h e n  A,Saw  in c r e a s e s .  T h e r e f o r e ,  th e  f a b r i c a t io n  
o f  th e  S A W  in t e r d ig i t a l  t r a n s d u c e r  u s in g  p h o t o l i t h o g r a p h y  c a n  b e  s im p l i f i e d  a n d  th e  
d e v i c e  c a n  b e  r e a l is e d  m o r e  e a s i ly .  T h e  n o n - u n i fo r m  f e a t u r e  o f  th e  S A W  in d u c e d  
p o t e n t ia l  is  a ls o  t a k e n  in t o  a c c o u n t  in  o p t im is in g  th e  d e v i c e  s t r u c tu r e .  In t e r d i f fu s io n  is  
th e n  in t r o d u c e d  in t o  th e  Q W  s t a c k  t o  m o d i f y  th e  m o d u la t io n  p e r f o r m a n c e  s o  th a t  X op 
a n d  th e  o p t i c a l  p r o p e r t i e s  o f  th e  o p t im is e d  s t ru c tu r e  c a n  b e  fu r t h e r  m o d i f i e d .
5 .2  M o d e l l i n g
A  s c h e m a t ic  d ia g r a m  o f  th e  w a v e g u id e  t y p e  m o d u la t o r  is  s h o w n  in  F i g .  5 .1 .  
T h e  s t r u c tu r e ,  s t a r t in g  f r o m  G a A s  s u b s t r a te ,  is  a  th ic k  A l A s  c la d d in g  la y e r ,  a  s t a c k  o f  
A lG a A s / G a A s  Q W s  w h ic h  a c t  as  th e  a c t i v e  r e g i o n  o f  th e  m o d u la t o r  a n d  an  
A lo .5G ao .5A s  t o p  c la d d in g  la y e r .  I n  o p t im is in g  th e  m o d u la t io n  p e r f o r m a n c e ,  th e  Q W  
a c t i v e  r e g i o n  is  d i f f u s e d  t o  b e c o m e  D F Q W  b y  a n n e a l in g  t e c h n o lo g y .  T h e  S A W  
in t e r d ig i t a l  t r a n s d u c e r  is  d e p o s i t e d  a t o n e  s id e  o f  th e  d e v i c e  s t r u c tu r e  t o  la u n c h  th e  
S A W .  T h e  g r o w t h  d i r e c t io n  o f  th e  Q W s  is  < 1 0 0 >  a n d  th e  S A W  p r o p a g a t e s  a l o n g  th e  
< 1 1 0 >  d i r e c t io n .  T h e  in c id e n t  l i g h t  p r o p a g a t e s  n o r m a l  t o  b o t h  th e  p r o p a g a t i o n  
d i r e c t io n  o f  th e  S A W  a n d  th e  Q W  g r o w t h  d i r e c t io n  as  s h o w n  in  F i g .  5 .1 .
In  o r d e r  t o  in v e s t i g a t e  th e  m o d u la t io n  p e r f o r m a n c e  o f  th e  d e v i c e ,  th e  
p r o p a g a t i o n  o f  S A W ,  th e  Q W  s u b b a n d  s t ru c tu r e ,  th e  Q W  o p t i c a l  p r o p e r t ie s ,  in c lu d in g  
a b s o ip t i o n  c o e f f i c i e n t  a n d  r e f r a c t i v e  in d e x  w i t h  th e  e f f e c t s  o f  S A W s  a r e  d e t e r m in e d .  
T h e  m o d u la t io n  e f f i c i e n c y  o f  th e  in c id e n t  o p t i c a l  f i e l d  d e p e n d s  o n  th e  g u id in g  
p r o p e r t i e s  in  th e  Q W  a c t i v e  r e g i o n  s o  th a t  M a x w e l l ’ s  e q u a t io n  is  s o l v e d .  
C o n s e q u e n t ly ,  th e  o p t i c a l  g u id e d  m o d e ,  th e  c h a n g e  o f  e f f e c t i v e  r e f r a c t i v e  in d e x  a n d  
c h a n g e  o f  th e  e f f e c t i v e  a b s o ip t i o n  c o e f f i c i e n t  a r e  o b t a in e d  f o r  th e  d e t e r m in a t io n  o f  th e  
m o d u la t io n  c h a r a c t e r is t ic s .
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5.2.1 Optical Properties
T h e  D F Q W  c o m p o s i t i o n a l  p r o f i l e  is  d e s c r ib e d  b y  a n  e r r o r  fu n c t io n  [5 .8 ]  w h e r e  
th e  e x t e n t  o f  th e  in t e r d i f fu s io n  p r o c e s s  is  c h a r a c t e r is e d  b y  a  d i f fu s io n  le n g th  L d. I n  
m o d e l l in g  th e  Q W  s u b b a n d  s t r u c tu r e ,  it  is  a s s u m e d  th a t  th e  b a r r ie r  s e p a r a t io n  s o  th ic k  
th a t  th e r e  is  n o  s ig n i f ic a n t  c o u p l in g  b e t w e e n  a d ja c e n t  Q W s  a n d  t h e r e f o r e  a  s in g le  Q W  
m o d e l  c a n  b e  u s e d  h e r e .  T h e  Q W  s u b b a n d  e d g e  s ta te s  in  th e  T - v a l l e y  a r e  c a lc u la t e d  b y  
s o l v in g  an  1 - d im e n s io n a l  o n e  p a r t i c l e  S c h r b d in g e r - l ik e  e q u a t io n  n u m e r ic a l ly  u s in g  a  
f in i t e  d i f f e r e n c e  m e t h o d  [5 . 9 ] .  T h e  I S  e x c i t o n  o f  Q W  is  a ls o  c o n s id e r e d  b y  u s in g  th e  
p e r t u r b a t i v e - v a r ia t i o n a l  m e t h o d  [5 .1 0 ] .
T h e  S A W  in d u c e s  b o t h  s tr a in s  a n d  a n  e l e c t r i c  f i e l d  in  th e  A lG a A s / G a A s  
p i e z o e l e c t r i c  h e t e r o s t r u c tu r e .  H o w e v e r ,  t h e  in d u c e d  s tra in s  a r e  t o o  s m a ll  ( < 0 .1  % )  t o  
s ig n i f i c a n t ly  m o d i f y  th e  h e t e r o s t r u c tu r e  s u b b a n d  s t r u c tu r e  a n d  t o  c h a n g e  th e  
s e m ic o n d u c t o r  m a t e r ia l  b a n d g a p  [5 . 1 1 ] .  C o n s e q u e n t ly ,  o n l y  th e  p o t e n t ia l  d u e  t o  th e  
S A W - i n d u c e d  e l e c t r i c  f i e l d  is  c o n s id e r e d  as  a n  a d d i t io n a l  lin ear- p e r t u r b a t io n  t e r m  in  
m o d i f y i n g  th e  Q W  p o t e n t ia l  p r o f i l e .
A f t e r  d e t e r m in in g  th e  Q W  s u b b a n d  s t ru c tu r e ,  th e  a b s o r p t io n  c o e f f i c i e n t  a n d  
r e f r a c t i v e  in d e x  a r e  m o d e l l e d  b y  u s in g  th e  d e n s i t y  m a t r ix  a p p r o a c h  [ 5 .1 2 ]  a n d  d ie le c t r ic  
fu n c t io n  a p p r o a c h  [5 .1 3 ]  r e s p e c t i v e l y .  W i t h  a  S A W  p e r t u r b a t io n ,  th e  a b s o ip t io n  
c o e f f i c i e n t  v a r ie s  a n d  th e  c h a n g e  o f  r e f r a c t i v e  in d e x  is  c a lc u la t e d  u s in g  th e  K r a m e r s -  
K r o n i g  t r a n s fo r m a t io n  f r o m  th e  c h a n g e  o f  a b s o ip t i o n  c o e f f i c i e n t .
5.2.2 Modulator Characteristics
T h e  m o d u la t io n  p e r f o r m a n c e  d e p e n d s  o n  th e  in t e r a c t io n  o f  th e  o p t i c a l  f i e ld  
w i t h  th e  S A W  p e r t u r b e d  Q W  s t r u c tu r e .  T h i s  c a n  b e  s tu d ie d  w i t h  a  m u lt i la y e r  p la n a r  
w a v e g u id e  m o d e l  u s in g  th e  t r a n s fe r  m a t r ix  m e t h o d  [5 .2 ] .  F r o m  th is  c a lc u la t io n ,  th e  
m o d e  f i e l d  p r o f i l e s  a n d  th e  p r o p a g a t i o n  c o n s ta n t s  a r e  o b t a in e d  f o r  t h e  d e t e r m in a t io n  o f  
th e  e f f e c t i v e  a b s o r p t io n  c o e f f i c i e n t  a eff a n d  e f f e c t i v e  r e f r a c t i v e  in d e x  n eff r e s p e c t i v e l y
[5 . 7 ] .  T h is  e n a b le s  t h e  p e r f o r m a n c e  o f  t h e  a b s o ip t io n  m o d u la t o r  t o  b e  a n a ly s e d .  T h e  
im p o r t a n t  p e r f o r m a n c e  c h a r a c t e r is t ic s  in c lu d e  th e  e f f e c t i v e  in d e x  c h a n g e  A n eff, e f f e c t i v e  
a b s o ip t io n  c h a n g e  A a eff t a k in g  in t o  a c c o u n t  th e  o p t i c a l  c o n f in e m e n t  in  w e l l  r e g io n s  
o n l y  [ 5 . 1 3 ] ,  c o n t r a s t  r a t io  ( C R ) ,  o p t i c a l  c o n f in e m e n t  f a c t o r ,  c h ir p  p a r a m e t e r  p m0d a n d  
a b s o ip t i o n  lo s s  a i oss- D e t a i l s  o f  t h e s e  p a r a m e t e r s  c a n  b e  f o u n d  in  r e f .  [ 5 . 7 ] .  T h e
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a d ju s tm e n t  o f  Z op a n d  th e  m o d i f i c a t i o n  o f  q u a n tu m  c o n f in e d  S t a r k  s h i f t  ( Q C S S )  d u e  t o  
in t e r d i f f u s i o n  a r e  a ls o  u s e d  t o  e x a m in e  th e  p e r f o r m a n c e  o f  th e  m o d u la t o r .
A  h ig h  p e r f o r m a n c e  a b s o r p t io n  m o d u la t o r  r e q u ir e s  a  la r g e  A a eff a n d  th u s  a  h ig h  
C R ,  a  l o w  A n eff, a  l o w  (3mod, a n d  a  l o w  a i oss. In  o r d e r  t o  o b t a in  a  la r g e  A a eff th e  
a b s o r p t io n  m o d u la t o r  is  s e l e c t e d  t o  o p e r a t e  a t th e  w a v e l e n g t h  o f  th e  e x c i t o n  p e a k  o f  
th e  f i r s t  e l e c t r o n  ( C l )  a n d  f i r s t  h e a v y  h o le  ( H H 1 )  in  th e  p r e s e n c e  o f  S A W  a n d  a i oss is  
th e  (Xeff o f  th e  Q W  s t ru c tu r e  a t  th is  w a v e l e n g t h  w i t h o u t  a n y  S A W  e f f e c t .
5 .3  R e s u l t s  a n d  D i s c u s s i o n s
A  f i v e  p e r i o d  r e c t a n g u la r  A l xG a i_ xA s / G a A s  Q W  e le c t r o - a b s o r p t io n  m o d u la t o r  
o p e r a t e d  u s in g  S A W  is  i n v e s t i g a t e d  h e r e .  T h e  c o n c e n t r a t io n  f r a c t io n  o f  A l  in  th e  
b a r r ie r  a n d  L z o f  th e  Q W  s t r u c tu r e ,  a s  w e l l  as  / s a w  a n d  p o w e r  o f  S A W ,  a r e  f i r s t  
o p t im is e d .  T h e  e f f e c t s  o f  in t e r d i f fu s io n  o n  th e  S A W  m o d u la t o r  a r e  a ls o  a d d r e s s e d .  
T h e  m o d u la t io n  c h a r a c t e r is t ic s  o f  th e  o p t im is e d  s t r u c tu r e  a r e  d is c u s s e d  a n d  c o m p a r e d  
w i t h  th e  p r e v io u s  5 Q W  r e s u lts .  I n  th e  m o d e l  o f  th e  S A W ,  th e  m a te r ia l  p a r a m e t e r s  a r e  
o b t a in e d  f r o m  r e fs .  [5 .1 4 ,  5 .1 5 ]  a n d  th e  e x p r e s s io n  o f  th e  L a g u e r r e  p o ly n o m ia l  is  ta k e n  
f r o m  r e f .  [ 5 .1 6 ] .  F o r  t h e  m o d e l  o f  Q W  s u b b a n d  s t r u c tu r e  a n d  th e  o p t i c a l  p r o p e r t i e s  
in c lu d in g  a b s o r p t io n  c o e f f i c i e n t  a n d  r e f r a c t i v e  in d e x ,  th e  m a t e r ia l  p a r a m e t e r s  a r e  
o b t a in e d  f r o m  r e f .  [ 5 .1 7 ] .
5.3.1 Optimisation o f a Rectangular QW Device Structure
F o r  a  S A W  m o d u la t o r  w i t h  a  s h o r t  p e r i o d  Q W  s t r u c tu r e  ( <  f i v e  p e r i o d ) ,  th e  
s u r fa c e  o f  th e  Q W  a c t i v e  r e g i o n  is  d e s ig n e d  s o  th a t  t h e  s t e e p e r  p o t e n t ia l  in d u c e d  b y  
S A W  c a n  b e  u s e d  f o r  m o d u la t io n .  U s in g  a  S A W  w i t h  a  Z Saw  o f  2 p m  a n d  a  p o w e r  o f  
1 0  m W  p e r  Z Saw  r e s u lt s  in  a  s t e e p  p o t e n t ia l  a t  th e  t o p  s u r fa c e ,  a s  s h o w n  in  F i g .  5 .2 ,  t o  
t i l t  a  f i v e  p e r i o d  A lo .3G a o .7A s / G a A s  1 0 0 A (b a r r i e r ) / 1 0 0 A (w e l l )  r e c t a n g u la r  Q W  
s t r u c tu r e ,  a s  s h o w n  in  th e  in s e r t  o f  F i g .  5 .2 .  T h is  p r o v id e s  a  l a r g e  Q C S S  f o r  th e  
m o d u la t io n  as  s h o w n  in  F i g .  5 . 3 ( a ) .  H o w e v e r ,  s in c e  th e  g r a d ie n t  o f  th e  S A W  in d u c e d  
p o t e n t ia l  r e d u c e s ,  th e  a b s o r p t io n  s p e c t r a  o f  th e  f i v e  Q W  d o  n o t  c o in c id e .  T h is  r e s u lts  
in  th e  f o u r th  Q W  d o m in a t in g  A a eff a t  th e  o p t im is e d  Z op = 0 . 8 6 4 p m  [5 .7 ] .  I n  o r d e r  t o  
o b t a in  a  m o r e  u n i f o r m  g r a d ie n t  o f  th e  S A W  in d u c e d  p o t e n t ia l ,  / s a w  is  in c r e a s e d  t o
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1 0 p m . T h e  g r a d ie n t  o f  t h e  p o t e n t ia l  t h e r e f o r e  b e c o m e s  m o r e  u n i f o r m  in  th e  t o p  r e g i o n  
( <  2 0 0 0 n m ) ,  s e e  F i g .  5 .2 .  H o w e v e r ,  th e  s t e e p n e s s  o f  th e  g r a d ie n t  r e d u c e s  
s im u lt a n e o u s ly  s o  th a t  a  w e a k e r  m o d i f i c a t i o n  o f  th e  Q W  s t r u c tu r e  is  o b t a in e d .  
C o n s e q u e n t ly ,  a  w e a k  Q C S S  is  p r o d u c e d  w h ic h  is  n o t  la r g e  e n o u g h  t o  g e n e r a t e  an  
u s e fu l  m o d u la t io n  b y  o n l y  in c r e a s in g  A,Saw  as  a i oss is  t o o  la r g e .
T o  a c h ie v e  a  l a r g e r  Q C S S ,  th e  A l  f r a c t io n  o f  th e  Q W  b a r r ie r  a n d  L z a r e  
r e d u c e d  a n d  in c r e a s e d  r e s p e c t i v e ly .  T h e  o p t im is e d  r e c t a n g u la r  Q W  s t r u c tu r e  is  
A lo o G a o .s A s / G a A s  w i t h  L z =  1 2 0  A .  I t  is  in t e r e s t in g  t o  n o t e  th a t ,  u s in g  th is  s t r u c tu r e ,  
A-saw a n d  S A W  p o w e r  c a n  b e  in c r e a s e d  t o  1 0  pirn a n d  r e d u c e d  t o  5 m W  p e r  A,Saw 
r e s p e c t i v e ly .  T h e r e f o r e ,  th e  f a b r ic a t io n  o f  a n  in t e r d ig i t a l  t r a n s d u c e r  f o r  g e n e r a t in g  th e  
S A W  c a n  b e  s im p l i f i e d  as  d is c u s s e d  in  s e c t io n  2 .2 .1 .  In  a d d it io n ,  s in c e  th e  g r a d ie n t  o f  
t h e  S A W  in d u c e d  p o t e n t ia l  is  m o r e  u n i f o r m ,  th e  v a r ia t io n  o f  th e  l i v e  p e r t u r b e d  Q W s  is  
q u i t e  c o n s is t e n t ,  as  s h o w n  in  F i g .  5 .2 .  T h e r e f o r e ,  th e  a b s o ip t io n  c o e f f i c i e n t  s p e c t r a  o f  
t h e  f i v e  Q W  u n d e r  th e  S A W  p e r t u r b a t io n  m e r g e ,  in  c o m p a r is o n  t o  th a t  o f  th e  p r e v io u s  
A lo .3G ao .7A s / G a A s  5 Q W  s t r u c tu r e ,  as  s h o w n  in  F i g .  5 .3 .  T h e  d e v ia t io n  o f  Q C S S  o f  th e  
f i v e  Q W s  o f  th e  o p t im is e d  s t r u c tu r e  r e d u c e s  t o  le s s  th a n  2 .5  m e V  as c o m p a r e d  t o  2 9  
m e V  in  th e  p r e v i o u s  5 Q W  s tru c tu r e .  C o n s e q u e n t ly ,  t o  o p e r a t e  a s  an  e l e c t r o -  
a b s o r p t io n  S A W  m o d u la t o r ,  a l l  th e  f i v e  Q W s  o f  th e  o p t im is e d  A l 0.2G a 0 .g A s / G a A s  Q W  
s t r u c tu r e  c o n t r ib u t e  t o  a n  u s e fu l  A a eff w h ic h  is  d is c u s s e d  in  s e c t io n  5 .3 .3 .  I t  s h o u ld  b e  
n o t e d  th a t  th e  m a g n i tu d e  o f  th e  S A W  in d u c e d  p o t e n t ia l  v a r ie s  w i t h  A,saw a n d  th e  
A lG a A s / G a A s  s t r u c tu r e s ,  s e e  F i g .  5 .2 .  H o w e v e r ,  s in c e  th e  e l e c t r o - a b s o r p t io n  
m o d u la t io n  is  p r o v i d e d  b y  Q C S E ,  w h ic h  d e p e n d s  o n  th e  g r a d ie n t  o f  th e  S A W  in d u c e d  
p o t e n t ia l  r a th e r  th a n  th e  a b s o lu t e  v a lu e  o f  th e  p o t e n t ia l ,  th e  v a r ia t io n  o f  th e  p o t e n t ia l  
m a g n i t u d e  d o e s  n o t  c o n t r ib u t e  t o  th e  e l e c t r o - a b s o r p t io n  m o d u la t io n .
5.3.2 Effects o f interdiffusion
W h e n  in t e r d i f fu s io n  is  in t r o d u c e d  in to  th e  o p t im is e d  A l 0.2G a o .s A s / G a A s  a s -  
g r o w n  Q W  s tr u c tu r e ,  t h e  A l  s u b la t t ic e  a t  th e  b a r r ie r  in t e r m ix e s  w i t h  G a  s u b la t t ic e  in  
th e  w e l l .  T h e  p o t e n t ia l  p r o f i l e  o f  th e  Q W  s t r u c tu r e  is  th u s  m o d i f i e d ,  a s  s h o w n  in  F i g .  
5 .4 .  W i t h  a  w e a k  in t e r d i f fu s io n  o f  L d =  0 .5 n m ,  th e  p r o f i l e  b e c o m e s  s l ig h t ly  g r a d e d  a t 
th e  w e l l/ b a r r ie r  in t e r f a c e s  w i t h o u t  a  c h a n g e  in  th e  w e l l  d e p th  a t  th e  c e n t r e  o f  t h e  w e l l  in  
b o t h  th e  c o n d u c t io n  a n d  v a le n c e  b a n d .  H o w e v e r ,  th e  m o d i f i c a t i o n  o f  th e  in t e r f a c e s
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in t r o d u c e s  s ig n i f i c a n t  c h a n g e s  t o  th e  o p t i c a l  p r o p e r t i e s  o f  th e  Q W  s t r u c tu r e  a n d  th u s  
th e  p e r f o r m a n c e  o f  t h e  S A W  m o d u la t o r .
O n e  o f  th e  in t e r e s t in g  o p t i c a l  p r o p e r t i e s  f o r  e l e c t r o - a b s o r p t io n  m o d u la t io n  is  
th e  m o d i f i c a t i o n  o f  th e  a b s o ip t io n  c o e f f i c i e n t  w h ic h  is  in d ic a t e d  b y  th e  o v e r l a p  in t e g r a l  
o f  th e  e l e c t r o n  a n d  h o le  w a v e  fu n c t io n s .  S in c e  th e  c h a n g e  o f  th e  a b s o ip t i o n  c o e f f i c i e n t  
d e p e n d s  o n  th e  s t r e n g th  o f  C 1 - H H 1  e x c i t o n  a b s o ip t io n ,  th e  w a v e  fu n c t io n  o f  C l  a n d  
H H 1  a r e  s h o w n  in  F i g .  5 .4 .  S in c e  th e  l o w e r  h a l f  o f  th e  c o n d u c t io n  a n d  v a le n c e  b a n d  
p o t e n t ia l  p r o f i l e s  b e c o m e  n a r r o w  w h e r e  th e  f i r s t  e ig e n s t a t e  is  c o n f in e d ,  th e  
c o n f in e m e n t  o f  C l  a n d  H H 1  im p r o v e s .  T h i s  im p r o v e m e n t  c a n  b e  in d ic a t e d  b y  th e ir  
w a v e  fu n c t io n s  u n d e r  th e  in f lu e n c e  o f  th e  S A W  w h e r e  t h e y  m o v e  t o w a r d s  th e  w e l l  
c e n t r e ,  as  c o m p a r e d  t o  th e  c o r r e s p o n d in g  w a v e  fu n c t io n s  w i t h o u t  a n y  in t e r d i f fu s io n .  
M o r e o v e r ,  th e  m o v e m e n t  o f  H H  is  m o r e  s ig n i f i c a n t  th a n  th a t  o f  t h e  c o n d u c t io n  b a n d  
d u e  t o  th e  s m a l le r  o f f s e t  v a lu e  o f  H H .  C o n s e q u e n t ly ,  th e  o v e r l a p  in t e g r a l  o f  C 1 - H H 1  
im p r o v e s  t o  0 .4 2 3 4  f r o m  0 .3 6 6 1  w i t h o u t  th e  in t e r d i f fu s io n  a n d  th e  c o r r e s p o n d in g  
in c r e a s e  in  a b s o r p t io n  c o e f f i c i e n t  is  s h o w n  in  F ig .  5 .5 .  I t  s h o u ld  b e  n o t e d  th a t ,  
a l t h o u g h  th e  f i r s t  l i g h t  h o le  ( L H 1 )  is  n o t  d is c u s s e d  in  d e t a i l  h e r e ,  th e  f e a t u r e  o f  th e  f i r s t  
L H  is  s im ila r  t o  th a t  H H 1  b u t  i t s  v a r ia t i o n  d u e  t o  in t e r d i f fu s io n  is  le s s  s ig n i f i c a n t  th a n  
o f  H H 1  s in c e  L H 1  h a s  a  s m a l le r  e f f e c t i v e  m a s s  a n d  th u s  w e a k e r  c o n f in e m e n t  a n d  le s s  
v a r ia t io n .
I n  th e  p r e s e n c e  o f  th e  S A W ,  th e  C 1 - H H 1  Q C S S  o f  t h e  D F Q W  w i t h  L d =  
0 .5 n m  r e d u c e s  d u e  t o  th e  e n h a n c e m e n t  o f  q u a n tu m  c o n f in e m e n t ,  a s  s h o w n  in  F i g .  5 .5 ,  
s o  th a t  th e  H H 1  e x c i t o n  p e a k  b lu e - s h i f t s  as  c o m p a r e d  t o  th a t  o f  t h e  r e c t a n g u la r  Q W .  
A s  s h o w n  in  F i g .  5 .4 ,  th e  v a r ia t io n  o f  t h e  H H 1  is  m o r e  s ig n i f ic a n t  th a n  th a t  o f  th e  C l .  
T h is  m e a n s  th a t  th e  e f f e c t  o f  in t e r d i f fu s io n  t o  Q C S S  o f  C 1 - H H 1  is  d o m in a t e d  b y  th e  
v a r ia t io n  o f  H H L  I t  s h o u ld  b e  n o t e d  th a t  Q C S S  r e d u c e s  w h e n  th e  e x t e n t  o f  
in t e r d i f fu s io n  in c r e a s e s .  I n  o r d e r  t o  c o m p a r e  a  d i f fu s e d  Q W  w i t h  a  z e r o - f i e l d  s q u a r e  
Q W  s t r u c tu r e  th e  w e l l  w id t h  o f  t h e  la t t e r  s t r u c tu r e  is  v a r i e d  s o  th a t  th e  C 1 - H H 1  
t r a n s it io n  e n e r g y  o f  th e  t w o  s t r u c tu r e s  is  th e  s a m e  [5 .1 8 ,  5 .1 9 ] .  I t  h a s  b e e n  s h o w n  
p r e v i o u s l y  th a t  t h e  Q C S S  o f  th e  d i f f u s e d  Q W  is  g r e a t e r  th a n  th a t  o f  th e  e q u iv a le n t  
s q u a r e  Q W  [5 . 1 9 ] .  I n  a d d it io n ,  th e  A lp ^ G a o .s A s / G a A s  D F Q W  s t r u c tu r e  w i t h  L Z= 1 2 0 A  
is  th e  o p t im is e d  D F Q W  s t r u c tu r e  w h ic h  c a n  p r o v id e  th e  la r g e s t  Q C S S  f o r  a  s a m e  L d in  
c o m p a r is o n  t o  o t h e r  D F Q W  s t r u c tu r e s  w i t h  a  r a n g e  o f  x  f r o m  0 .2  t o  0 .4  a n d  L z f r o m  
8 0  A t o  1 2 0  A [ 5 .1 9 ] .
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U s in g  in t e r d i f fu s io n ,  Z op o f  th e  S A W  m o d u la t o r  c a n  a ls o  b e  a d ju s t e d  t o  s h o r t e r  
w a v e le n g t h s  s in c e  th e  l o w e r  h a l f  o f  th e  p o t e n t ia l  p r o f i l e  n a r r o w s ,  t h e  e ig e n s t a t e  m o v e s  
u p w a r d s  a n d  th u s  t r a n s it io n  e n e r g y  in c r e a s e s .  T h e  m o d i f i c a t io n s  o f  th e  a b s o r p t io n  
c o e f f i c i e n t ,  Q C S S ,  a n d  th e  Z op in c r e a s e  w h e n  th e  e x t e n t  o f  in t e r d i f fu s io n  in c r e a s e s .  
H o w e v e r ,  th e  a i oss (w i t h o u t  c o n s id e r a t io n  o f  o p t i c a l  c o n f in e m e n t )  in c r e a s e s  t o  >  
1 0 0 0 c m ' 1 f o r  th e  s a m e  S A W  p a r a m e t e r s  w h e n  L d in c r e a s e s  t o  ln m .  M o r e o v e r ,  th e  
ajoss in c r e a s e s  fu r t h e r  w i t h  m o r e  e x t e n s i v e  in t e r d i f fu s io n .  A s  a  c o n s e q u e n c e ,  th e  
o p t im is e d  Ld  h e r e  is  0 .5 n m .
5.3.3 Modulation Performance
A f t e r  o p t im is in g  th e  f i v e  p e r i o d  r e c t a n g u la r  Q W  s t r u c tu r e ,  th e  in t e r a c t io n  o f  
th e  o p t i c a l  f i e l d  w i t h  th e  S A W  p e r t u r b e d  Q W  s t r u c tu r e  is  c o n s id e r e d  s o  th a t  th e  
p e r f o r m a n c e  o f  th e  m o d u la t o r  c a n  b e  d e t e r m in e d  a n d  c o m p a r e d  w i t h  th e  p r e v io u s  
5 Q W  s tru c tu r e .  T h e  p e a k  o f  th e  o p t i c a l  p r o f i l e ,  s e e  F ig ,  5 .6 ,  is  l o c a t e d  a t a b o u t  th e  
p o s i t i o n  o f  th e  th ir d  Q W ,  as  c o m p a r e d  t o  t h e  p o s i t i o n  o f  th e  f i f t h  Q W  in  th e  p r e v io u s  
5 Q W  s t r u c tu r e  [ 5 . 7 ] ,  i .e .  th e  p e a k  m o v e s  t o w a r d s  th e  c e n t r e  o f  th e  Q W  a c t i v e  r e g io n .  
In  a d d it io n ,  th e  o p t i c a l  c o n f in e m e n t  f a c t o r  im p r o v e s  t o  - 0 . 6 ,  as  c o m p a r e d  t o  - 0 . 5  f o r  
th e  p r e v io u s  5 Q W  d e v i c e  s t r u c tu r e .  T h e s e  im p r o v e m e n t s  c a n  b e  e x p la in e d  b y  ( i )  th e  
A l  f r a c t io n  o f  th e  b a r r ie r  o f  th e  p r e s e n t  Q W  s t r u c tu r e  r e d u c e s  t o  0 .2 ,  s o  th a t  th e  
a b s o lu t e  r e f r a c t i v e  in d e x  o f  th e  Q W  a c t i v e  r e g i o n  in c r e a s e s  r e s u l t in g  in  a  la r g e r  o p t i c a l  
c o n f in e m e n t ;  ( i i )  th e  th ic k n e s s  o f  th e  Q W  s t r u c tu r e  in c r e a s e s  t o  
1 2 0 A (b a r r i e r ) / 1 2 0 A ( w e l l )  f r o m  th e  p r e v i o u s  5 Q W  s t r u c tu r e  o f  lO O A / lO O A ,  t h e  t o t a l  
th ic k n e s s  o f  t h e  Q W  a c t i v e  r e g i o n  in c r e a s e s  a n d  th u s  e n h a n c e s  th e  o p t i c a l  c o n f in e m e n t .  
C o n s e q u e n t ly ,  s in c e  th e  o p t i c a l  c o n f in e m e n t  o f  th e  p r e s e n t  m o d u la t o r  in c r e a s e s ,  th e  
m o d u la t io n  p e r f o r m a n c e  a ls o  im p r o v e s .
A p a r t  f r o m  th e  im p r o v e m e n t  o f  th e  o p t i c a l  c o n f in e m e n t ,  t h e  C 1 - H H 1  e x c i t o n  
a b s o ip t i o n  s p e c t r a  o f  th e  f i v e  r e c t a n g u la r  Q W s  u n d e r  th e  S A W  p e r t u r b a t io n  m e r g e ,  as  
s h o w n  in  F i g .  5 . 3 ( b ) ,  t o  c o n t r ib u t e  m o r e  e f f e c t i v e l y  t o  th e  e l e c t r o - a b s o r p t io n  
m o d u la t io n  as  c o m p a r e d  t o  th e  p r e v i o u s  5 Q W  s t ru c tu r e ,  a s  s h o w n  in  F i g .  5 .3 (a ) .  
T h e s e  t w o  a d v a n ta g e s  o v e r c o m e  th e  d r a w b a c k  o f  th e  w e a k  a b s o ip t i o n  c o e f f i c i e n t  d u e  
t o  th e  w i d e r  L z a n d  l o w e r  A l  f r a c t io n  in  th e  p r e s e n t  m o d u la t o r ,  a s  s h o w n  in  F i g .  5 .3 .  
A a eff f in a l l y  in c r e a s e s  t o  1 0 2 7 c m '1 a t Z op =  0 .8 6 7 5 p m  as  c o m p a r e d  t o  th e  p r e v io u s
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5 Q W  s t r u c tu r e  o f  4 2 8 c m " 1 a t  A op =  0 .8 6 4 p m  w h i l e  a w  in c r e a s e s  b y  1 .6  t im e s  t o  
1 8 9 c m '1 f r o m  1 1 6 c m "1 f o r  th e  p r e v io u s  5 Q W  s tru c tu r e .  T h e  r e s u lts  o f  th e  o t h e r  
m o d u la t io n  c h a r a c t e r is t ic s  a r e  s h o w n  in  T a b l e  5 .1 .  W i t h  a  w e a k  p h a s e  c h a n g e  d u e  t o  
l o w  A n e ff, th e  p mod c a n  b e  as  l o w  as  - 0 . 3 8 .  T h e  n e g a t i v e  s ig n  in d ic a t e s  th a t  a  p u ls e  
c o m p r e s s io n  c a n  b e  a c h i e v e d  in  th is  m o d u la t o r .
B y  d i f fu s in g  th e  o p t im is e d  f i v e  p e r i o d  A l 0.2G a o .s A s / G a A s  Q W  s t r u c tu r e  w i t h  L d 
=  0 .5 n m ,  th e  A a eff c a n  b e  fu r t h e r  e n h a n c e d  t o  1 1 6 3 c m '1 s o  th a t  th e  C R  ( f o r  a  S A W  
a p e r tu r e  o f  4 5 ' 4 1 m ) in c r e a s e s  t o  2 3 .3  d B  f r o m 2 0 . 5 d B  f o r  th e  a s - g r o w n  Q W  s t ru c tu r e .  
A op c a n  a ls o  b e  f in e l y  tu n e d  t o  0 . 8 6 5 p m  a n d  th e  p mod is  fu r t h e r  r e d u c e d  t o  - 0 . 1 6 ,  
a l t h o u g h  th e  a i oss in c r e a s e s  a t th e  s a m e  t im e ,  a s  s h o w n  in  T a b l e  5 .1 .  I t  is  w o r t h  n o t in g  
th a t ,  d u e  t o  t h e  s h o r t e r  S A W  a p e r tu r e  w h ic h  is  r e d u c e d  b y  2 .5  t im e s  as  c o m p a r e d  t o  
5 0 0 p m  in  th e  s t r u c tu r e  o f  r e f .  [ 5 . 7 ]  w i t h  s im ila r  C R ,  th e  m o d u la t io n  s p e e d  c a n  b e  
im p r o v e d  h e r e .
A s  a  c o n s e q u e n c e ,  o p t im is a t io n  o f  th e  f i v e  p e r i o d  IO O A / IO O A  
A lo .3G a o .7A s / G a A s  a s - g r o w n  r e c t a n g u la r  Q W  s t r u c tu r e  r e s u lt s  in  a  1 2 0 A / 1 2 0 A  
A l 0.2G a o .g A s / G a A s  Q W  s t r u c tu r e  w h ic h  in c r e a s e s  A a eff f r o m  4 2 8 c m " 1 t o  1 0 2 7 c m "1 a n d  
s im p l i f i e s  th e  fa b r ic a t io n  o f  th e  in t e r d ig i t a l  t r a n s d u c e r  b y  r e d u c in g  th e  r e q u i r e d  S A W  
p o w e r  a n d  in c r e a s in g  A Sa w  In t e r d i f fu s io n  r e s u lts  in  a  f in e  t im in g  o f  A op a n d  A a eff is  
in c r e a s e d  t o  1 1 6 3 c m "1 in  th e  o p t im i s e d  120A/120A A b .2 G a 0 . s A s / G a A s  Q W  s tru c tu re .
5 .4  S u m m a r y
I n  th is  c h a p t e r ,  a  s h o r t  p e r i o d  o f  th e  D F Q W  a b s o r p t io n  m o d u la t o r  o p e r a t e d  b y  
u s in g  S A W  h a s  b e e n  t h e o r e t i c a l l y  in v e s t ig a t e d .  T h e  f i v e  p e r i o d  1 2 0 A / 1 2 0 A  
A l 0.2G a 0. g A s / G a A s  a s - g r o w n  r e c t a n g u la r  Q W  s t ru c tu r e  is  f i r s t  o p t im is e d  f o r  th e  
e l e c t r o - a b s o r p t io n  m o d u la t io n .  T h e  e f f e c t s  o f  in t e r d i f fu s io n  o n  th e  Q W  s t r u c tu r e  a r e  
th e n  s tu d ie d  a n d  o p t im is e d .
T h e  r e s u lts  s h o w  th a t  b y  u s in g  th e  f i v e  p e r i o d  D F Q W  m o d u la t o r  s t r u c tu r e ,  th e  
s t e e p e r  S A W  in d u c e d  p o t e n t ia l  a t  th e  d e v i c e s  t o p  r e g i o n  c a n  b e  u s e d .  M o r e o v e r ,  a  
S A W  w i t h  a  l o n g e r  X s a w  a n d  a  l o w e r  p o w e r  o f  1 0 p m  a n d  5 m W  r e s p e c t i v e ly ,  as  
c o m p a r e d  t o  p r e v io u s  5 Q W  r e s u lt s ,  c a n  b e  u s e d  h e r e  s o  th a t  th e  fa b r ic a t io n  o f  th e  
in t e r d ig i t a l  t r a n s d u c e r  c a n  b e  s im p l i f i e d  a n d  th e  s lo p e  o f  th e  S A W  in d u c e d  p o t e n t ia l
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o v e r  th e  f i v e  p e r i o d  D F Q W s  a r e  q u i t e  u n i f o r m  p r o v id in g  u s e fu l  m o d u la t io n .  A  la r g e  
e f f e c t i v e  a b s o r p t io n  c h a n g e  a n d  i m p r o v e d  o p t i c a l  c o n f in e m e n t  c a n  a ls o  b e  a c h ie v e d  
a n d  th u s  a  s m a ll  S A W  a p e r tu r e  a n d  h ig h e r  m o d u la t io n  s p e e d  c a n  b e  o b t a in e d ,  as  
c o m p a r e d  t o  th e  p r e v io u s  f i v e  p e r i o d  lOOA/lOOA A lo .3 G ao .7 A s / G a A s  r e c t a n g u la r  Q W  
s t ru c tu r e .  I n  a d d it io n ,  in t e r d i f fu s io n  c a n  p r o v id e  a  f in e  tu n in g  o f  th e  o p e r a t in g  
w a v e l e n g t h  a n d  e n h a n c in g  th e  a b s o ip t i o n  c h a n g e  w i t h  l o w  c h ir p in g ,  a l t h o u g h  th e  
a b s o ip t io n  lo s s  w i l l  in c r e a s e  a t  th e  s a m e  t im e .  T h e s e  s u g g e s t  th a t ,  f o r  th e  d e v e lo p m e n t  
o f  a  S A W  a b s o ip t io n  m o d u la t o r ,  a  D F Q W  w i t h  a  l o w  A l  f r a c t io n  b a r r ie r  a n d  a  la r g e  
w e l l  w id t h  o f  0.2 a n d  120 A r e s p e c t i v e l y  p r o v id e s  a  b e t t e r  m o d u la t io n  p e r f o r m a n c e .
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T a b l e  5 .1  M o d u la t i o n  p r o p e r t i e s  o f  th e  f i v e  p e r i o d  a s - g r o w t h  Q W  a n d  D F Q W  S A W  
a b s o ip t io n  m o d u la t o r s .  T h e  S A W  a p e r tu r e  is  4 j f p m .
^op ( p m ) a ^ s  ( c m '1)  A a e f f  ( c m '1)  A n eff (1 0 ~ 2) C R  ( d B ) Pmod
s q u a r e  Q W  a b s o r p t io n  m o d u la t io n
0 .8 6 6 5 2 2 1 7 0 1  - 1 . 2 1 6 14 - 2 . 5 2
0 .8 6 7 5 1 8 9 1 0 2 7  - 0 .2 6 6 1 2 0 .5 - 0 . 3 8
0 .8 6 8 5 1 6 4 9 5 2  + 0 .4 8 4 19 + 0 .7 3
D F Q W  a b s o r p t io n  m o d u la t io n
0 .8 6 4 3 1 4 8 9 1  - 1 . 2 7 6 1 7 .8 - 2 . 0 8
0 .8 6 5 2 5 7 1 1 6 3  - 0 . 1 2 4 2 3 .3 - 0 . 1 6
0 .8 6 6 2 1 6 9 5 5  + 0 .5 6 8 1 9 .1 + 0 .8 6
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Inlerdigital transducer (IDT)
Interdigital transducer (IDT) .SAW
L Z .
DFQW
region
— X37-
Substrate
F i g .  5 .1  S c h e m a t ic  d ia g r a m  o f  th e  A l G a A s / G a A s  Q W  S A W  a b s o r p t io n  m o d u la t o r .
Depth (n m )
F i g .  5 .2  S p e c t r a  o f  th e  p o t e n t ia l  in d u c e d  b y  S A W .  S o l i d  l in e  d e n o t e s  p o t e n t ia l  o f  th e  
f i v e  p e r i o d  A lo .3G ao .7A s / G a A s  1 0 0 A / 1 0 0 A  Q W  s t r u c tu r e  e x c i t e d  b y  S A W  
w i t h  A,Sa w  a n d  p o w e r  o f  2 p m  a n d  l O m W  r e s p e c t i v e ly .  D o t t e d  d a s h  l in e  
d e n o t e s  th e  p o t e n t ia l  o f  th e  s a m e  s t r u c tu r e  b y  S A W  w i t h  A,Sa w  a n d  p o w e r  o f  
1 0 p m  a n d  5 m W  r e s p e c t i v e l y .  D o t  l in e  d e n o t e s  p o t e n t ia l  o f  th e  f i v e  p e r io d  
A lo .2G a o .8A s / G a A s  1 2 0 A / 1 2 0 A  Q W  s t r u c tu r e  e x c i t e d  b y  S A W  w i t h  X Sa w  a n d  
p o w e r  o f  1 0 p m  a n d  5 m W  r e s p e c t i v e l y .  T h e  in s e r t  is  th e  p o t e n t ia l  p r o f i l e  o f  
th e  f i v e  p e r i o d  Q W  s t r u c tu r e  t i l t e d  b y  th e  S A W  in d u c e d  p o t e n t ia l ,  w h e r e  th e  
s a m e  c a p t io n  a p p l ie s .
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i  1---1--- 1--- 1---1---1 ~T
C
CD
'g
i t<DOO
c
o
oJDa) 
<
no SAW effect 
1st QW
 2nd QW
 3rd QW
 4th QW
5th QW
0.82 0.84 0.86 0.88
Photon wavelength (pm)
0.90
F i g .  5 .3  T E  m o d e  a b s o r p t io n  s p e c t r a  o f  e a c h  Q W  in  th e  f i v e  Q W  s t r u c tu r e :  ( a )  f i v e  
p e r i o d  A lo .3G ao .7A s / G a A s  IO O .A / IO O A  Q W  s t r u c tu r e  a n d  ( b )  f i v e  p e r i o d  
A lo .2G a o .8A s / G a A s  1 2 0 A / 1 2 0 A  Q W  s t ru c tu r e .  Q W  w i t h o u t  S A W  e f f e c t  
( s o l i d  l in e ) ,  I s1 Q W  ( d o t  l in e ) ,  2 nd Q W  (d a s h  l in e ) ,  3 rd Q W  ( l o n g  d a s h  l in e ) ,  4 '"  
Q W  (d a s h e d  d o t  l i n e ) ,  5 th Q W  ( l i g h t  c o l o u r  s o l i d  l in e ) .
to
c
Bo
CL
.Q
JO.
c
o+Joc13M—0
>
CO
F i g .  5 .4  P o t e n t i a l  p r o f i l e  a n d  f i r s t  e i g e n - s t a t e  w a v e fu n c t i o n  o f  th e  o p t im is e d  
A lo .2G a o .8A s / G a A s  120A/120A Q W  s t r u c tu r e  ( s o l i d  l in e )  a n d  ( b )  th e  D F Q W  
s t r u c tu r e  w i t h  L d =  0 .5 n m  (d a s h  l in e ) ,  ( a )  c o n d u c t io n  b a n d  ( b )  h e a v y  h o le  
v a l e n c e  b a n d .
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Photon wavelength (jjm)
F ig .  5 .5  T E  m o d e  a b s o ip t io n  s p e c t r a  o f  t h e  o p t im is e d  Q W s  s t r u c tu r e .  S o l i d  a n d  d o t  
l in e s  d e n o t e  th e  a s - g r o w n  w i t h o u t  a n d  w i t h  S A W  e f f e c t  r e s p e c t i v e l y .  D a s h  
a n d  l o n g  d a s h  l in e s  d e n o t e  th e  D F Q W  w i t h o u t  a n d  w i t h  S A W  e f f e c t  
r e s p e c t i v e l y .
0 .2  0 .4  0 .6
Depth (nm)
F ig .  5 .6  T h e  r e f r a c t i v e  in d e x  p r o f i l e  a n d  th e  c o n f in e d  o p t i c a l  f i e l d  p r o f i l e  th e  
A lo .2G ao .8A s / G a A s  1 2 0 A / 1 2 0 A  r e c t a n g u la r  Q W  d e v i c e  s t ru c tu r e .
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Chapter 6 
A s y m m e t r i c  A l G a A s / G a A s  
Double Q u a n t u m  Wells Phase Modulator 
using Surface Acoustic W a v e s
6 .1  I n t r o d u c t i o n
R e c e n t l y ,  e l e c t r o - o p t i c  m o d u la t o r s  u s in g  th e  in t e r a c t io n  o f  S A W s  w i t h  I I I - V  
s e m ic o n d u c t o r  m u lt ip le  q u a n tu m  w e l l  ( M Q W )  s t ru c tu r e s  h a v e  b e e n  d e m o n s t r a t e d  
u s in g  th e  q u a n tu m - c o n f in e d  S t a r k  e f f e c t  [6 .1 ,  6 .2 ] ,  H o w e v e r ,  t h e  Q W  s t ru c tu r e  in  th e  
S A W  m o d u la t o r s  n e e d  t o  b e  o p t im is e d  t o  im p r o v e  th e  m o d u la t io n  p e r f o r m a n c e  a n d  
s im p l i f y  th e  S A W  t r a n s d u c e r  f a b r ic a t io n .  I n  C h a p te r s  4  a n d  5 , w e  h a v e  d is c u s s e d  th e  
o p t im is e d  m o d u la t o r s  o f  a  s t a c k  o f  s in g le  Q W  a n d  D F Q W  s t r u c tu r e s  in t e r a c t in g  w i t h  
S A W .  A  m o r e  s o p h is t ic a t e d  s t r u c tu r e ;  p a ir s  o f  a s y m m e t r ic  d o u b le  Q W  ( D Q W )  w i l l  b e  
u s e d  t o  d e v e l o p  a  p h a s e  m o d u la t o r  u s in g  S A W  h e r e  s in c e  a  la r g e  e l e c t r o - o p t i c  
m o d u la t io n  c a n  b e  p r o v i d e d  b y  th e  a s y m m e t r ic  D Q W  a t  a  w e a k  a p p l ie d  e l e c t r ic  f i e l d  ( ~  
2 0 k V / c m ) .
A s  w e  h a v e  r e p o r t e d  [ 6 . 2 ] ,  a  S A W  in d u c e s  a  p o t e n t ia l  d u e  t o  th e  p i e z o e l e c t r i c  
e f f e c t  in  th e  A lG a A s / G a A s  Q W  d e v i c e  s t r u c tu r e  w h ic h  r e d u c e s  n o n - u n i fo r m ly  w i t h  
d e p th .  T h e  in d u c e d  p o t e n t ia l  m o d i f i e s  th e  M Q W  s t r u c tu r e  a n d  th u s  its  o p t i c a l  
p r o p e r t i e s .  A  m o r e  u n i f o r m  c h a n g e  o f  e a c h  q u a n tu m  w e l l  ( Q W )  in  th e  M Q W  s t r u c tu r e  
c a n  b e  o b t a in e d  b y  in c r e a s in g  th e  S A W  w a v e l e n g t h  (A ,Sa w ) .  H o w e v e r ,  th e  c h a n g e  o f  
t h e  Q W  p r o p e r t i e s  w i t h  th e  in d u c e d  p o t e n t ia l  r e d u c e s  w h e n  A,Sa w  in c r e a s e s ,  i .e .  t h e r e  is  
a  t r a d e - o f f  b e t w e e n  th e  u n i f o r m i t y  a n d  th e  s t r e n g th  o f  th e  v a r ia t io n  o f  th e  Q W  
p r o p e r t i e s .  In  o r d e r  t o  m a k e  u s e  o f  th e  la r g e  c h a n g e  o f  t h e  S A W  in d u c e d  p o t e n t ia l  a t  
t h e  d e v i c e  s u r fa c e  t o  p r o d u c e  a  l a r g e  c h a n g e  o f  Q W  p r o p e r t i e s  a n d  t o  t a k e  a c c o u n t  o f  
th e  n o n - u n i fo r m  n a tu r e  o f  th e s e  Q W  v a r ia t io n s ,  a n  a s y m m e t r ic  d o u b le  q u a n tu m  w e l l
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( D Q W )  s t r u c tu r e  is  p r o p o s e d  f o r  th e  S A W  o p t i c a l  p h a s e  m o d u la t o r .  In  a d d i t io n ,  w i t h  
th e  o p t im is e d  s t r u c tu r e  u s in g  a  D Q W  a s  th e  a c t i v e  r e g i o n  o f  th e  m o d u la t o r ,  th e  
o p t im u m  o p e r a t io n  o f  th e  m o d u la t o r  o n ly  r e q u ir e s  a  l o n g  / s a w  (1 5  g m )  a n d  l o w  S A W  
p o w e r  (3  m W  p e r  a  / saw )  w h ic h  s im p l i f i e s  th e  f a b r ic a t io n  o f  th e  d e v i c e  as  d is c u s s e d  in  
C h a p t e r  5 .
T h e  a s y m m e t r ic  A l G a A s / G a A s  D Q W  s t r u c tu r e  c o n ta in s  t w o  q u a n tu m  w e l l s  
w i t h  d i f f e r e n t  A l  f r a c t io n s  s e p a r a t e d  b y  a  th in  in n e r  b a r r ie r  ( <  5 0 A )  a n d  th is  t y p e  o f  
s t r u c tu r e  h a s  r e c e i v e d  c o n s id e r a b le  in te r e s t ,  b o t h  e x p e r im e n t a l l y  a n d  t h e o r e t i c a l l y  [6 .3 ,  
6 .4 ] .  T h e  c o u p l in g  e f f e c t s  b e t w e e n  th e  t w o  w e l l s  o f  th e  a s y m m e t r ic  D Q W  p r o v id e  a 
la r g e  r e f r a c t i v e  in d e x  c h a n g e ,  a n d  th u s  a  h ig h  p h a s e  m o d u la t io n  [6 .3 ] .  W i t h  an  
a p p r o p r ia t e  D Q W  s t r u c tu r e ,  o n l y  a  w e a k  a p p l ie d  e l e c t r i c  f i e l d  ( ~  2 0 k V / c m )  is  r e q u ir e d  
t o  p r o d u c e  a  la r g e  r e f r a c t i v e  in d e x  c h a n g e  [6 .4 ] .  T h e r e f o r e  th e  s t r u c tu r e  c a n  b e  
d e v e l o p e d  as  th e  a c t i v e  r e g i o n  o f  a  S A W  m o d u la t o r  a n d  a  l o n g  / s a w  a n d  a  l o w  p o w e r  
S A W  c a n  b e  u s e d  t o  g e n e r a t e  th e  u n i f o r m  e le c t r i c  f i e l d  f o r  u s e fu l  o p t i c a l  m o d u la t o r s .  
H o w e v e r ,  th e  o p t im is a t io n  o f  th e  a s y m m e t r ic  D Q W  s t r u c tu r e  f o r  th e  u s e  in  l o w  p o w e r  
S A W  b a s e d  e l e c t r o - o p t i c  m o d u la t o r s  h a s  n o t  b e e n  d is c u s s e d  p r e v i o u s l y .
I n  th is  c h a p t e r ,  th e  o p t im is a t io n  o f  th e  a s y m m e t r ic  D Q W  is  a d d r e s s e d  b y  
m o d e l l in g  it s  o p t i c a l  p r o p e r t i e s ,  in c lu d in g  th e  a b s o ip t io n  c o e f f i c i e n t  a n d  r e f r a c t i v e  
in d e x  f o r  a  r a n g e  o f  Q W  p a r a m e t e r s .  I t  is  p r o p o s e d  th a t  th e  o p t im is e d  a s y m m e t r ic  
D Q W  a c ts  a s  th e  a c t i v e  r e g i o n  o f  a  w a v e g u id e  t y p e  S A W  p h a s e  m o d u la t o r  a n d  th e  
m o d u la t io n  p r o p e r t i e s  o f  th is  m o d u la t o r  a r e  c a lc u la t e d .  T h e  D Q W  a c t i v e  r e g i o n  is  
d e s ig n e d  a t th e  s u r fa c e  o f  th e  m o d u la t o r  s o  th a t ,  a p a r t  f r o m  th e  a d v a n ta g e  o f  r e q u ir in g  
th e  l o n g  / s a w  a n d  th e  l o w  p o w e r  o f  S A W  m e n t io n e d  p r e v io u s ly ,  a  s t r o n g  e l e c t r i c  f i e ld  
c a n  b e  o b t a in e d  t o  p r o d u c e  th e  p h a s e  m o d u la t io n .
6 .2  M o d e l l i n g
T h e  Q W  d e v i c e  s t r u c tu r e  c o n s is t s  o f  f i v e  p e r io d s  o f  1 0 5 A  D Q W s  e a c h  
s e p a r a t e d  b y  1 0 0 A  A lo .52G a o .4sA s  i s o la t io n  b a r r ie r  w h ic h  is  th e  a c t i v e  r e g i o n  o f  th e  
w a v e g u id e  t y p e  S A W  p h a s e  m o d u la t o r .  T h i s  r e g i o n  is  s e p a r a t e d  f r o m  th e  G a A s  
s u b s t r a te  b y  a  th ic k  A lo .52G a o .4s A s  l o w e r  c la d d in g  l a y e r  a n d  f r o m  th e  t o p  s u r fa c e  b y  a 
2 0 0 A  th ic k  A lo .52G a o .4s A s  la y e r .  T h e  d e v i c e  s t r u c tu r e  is  s im ila r  t o  th e  5 - p e r i o d  d i f fu s e d  
Q W  s t ru c tu r e  s h o w n  in  F i g .  5 .1  o f  C h a p t e r  5  a n d  th e  m a in  d i f f e r e n c e  is  th a t  th e
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d i f fu s e d  Q W s  a r e  r e p la c e d  b y  th e  D Q W s  h e r e .  T h e  S A W  in t e r d ig i t a l  t r a n s d u c e r  is  
d e p o s i t e d  a t o n e  s id e  o f  th e  d e v i c e  s t r u c tu r e  t o  g e n e r a t e  t h e  S A W s .  T h e  g r o w t h  
d i r e c t io n  o f  th e  D Q W s  is  < 1 0 0 >  a n d  th e  S A W  p r o p a g a t e s  a lo n g  th e  < 1 1 0 >  d i r e c t io n .  
T h e  in c id e n t  l i g h t  p r o p a g a t e s  n o r m a l  t o  th e  p r o p a g a t io n  d i r e c t io n  o f  th e  S A W .  I t  
s h o u ld  b e  n o t e d  th a t  a  Z n O  th in  la y e r  d e p o s i t in g  o n  th e  t o p  s u r fa c e  o f  th e  d e v i c e  
s t r u c tu r e  c a n  b e  u s e d  t o  e n h a n c e  th e  S A W  in d u c e d  p o t e n t ia l  a n d  th u s  th e  m o d u la t io n  
s t r e n g th  [6 .2 ,  6 .5 ] .
T h e  p e r t u r b a t io n  o f  th e  D Q W  s u b b a n d  s t r u c tu r e  b y  S A W  is  m o d e l l e d  s o  th a t  
e l e c t r o - a b s o r p t io n  a n d  e l e c t r o - o p t i c  v a r ia t io n s  d u e  t o  S A W  in d u c e d  p i e z o e l e c t r i c  a n d  
e la s t o - o p t i c  e f f e c t s  o n  th e  D Q W  c a n  b e  d e t e r m in e d .  T h e  m o d u la t io n  o f  th e  o p t i c a l  
w a v e  d e p e n d s  o n  th e  in t e r a c t io n  o f  th e  o p t i c a l  f i e l d  w i t h  th e  S A W  p e r t u r b e d  D Q W  
s t r u c tu r e ,  a n d  t h e r e f o r e  o n e - d im e n s io n a l  M a x w e l l ’ s e q u a t io n  is  s o l v e d  a n a ly t ic a l ly .  
C o n s e q u e n t ly ,  th e  o p t i c a l  g u id e d  m o d e ,  t h e  c h a n g e  o f  e f f e c t i v e  r e f r a c t i v e  in d e x  a n d  
c h a n g e  o f  th e  e f f e c t i v e  a b s o r p t io n  c o e f f i c i e n t  a r e  o b t a in e d  f o r  th e  d e t e r m in a t io n  o f  th e  
m o d u la t io n  c h a r a c t e r is t ic s  o f  t h e  p h a s e  m o d u la t o r .
6.2.1 SAW Perturbed DQW Structures
T h e  p r o p a g a t i o n  o f  S A W  is  d e s c r ib e d  b y  th e  e q u a t io n  o f  m o t i o n  o f  p a r t ic le s  in  
a n  e la s t ic  m e d iu m  a n d  th e  e l e c t r i c  d is p la c e m e n t  e q u a t io n  in  a  m e d iu m  [ 6 .6 , 6 .7 ] .  F o r  
t h e  s u b b a n d  s t r u c tu r e  o f  a  D Q W ,  i t  is  c o n s id e r e d  th a t  th e  i s o la t io n  la y e r  s e p a r a t in g  t w o  
D Q W  s t ru c tu r e s  is  s o  th ic k  th a t  t h e r e  is  n o  s ig n i f ic a n t  c o u p l in g  b e t w e e n  a d ja c e n t  
D Q W s  a n d  t h e r e f o r e  a  D Q W  m o d e l  c a n  b e  u s e d  h e r e .  T h e  Q W  s u b b a n d  e d g e  s ta t e s  in  
th e  T - v a l l e y  a r e  c a lc u la t e d  b y  s o l v in g  a n  1 - d im e n s io n a l  o n e  p a r t ic le  S c h r o d in g e r - l ik e  
e q u a t io n  n u m e r i c a l l y  [ 6 .8 ] .
T h e  S A W  in d u c e s  b o t h  s tra in  a n d  a n  e l e c t r i c  f i e l d  in  th e  A lG a A s / G a A s  
p i e z o e l e c t r i c  h e t e r o s t r u c tu r e .  H o w e v e r ,  th e  in d u c e d  s tra in s  a r e  t o o  s m a ll  ( < 0 .1  %)  t o  
s i g n i f i c a n t ly  m o d i f y  t h e  s u b b a n d  s t r u c tu r e  h e t e r o s t r u c tu r e  a n d  t o  c h a n g e  th e  
s e m ic o n d u c t o r  m a t e r ia l  b a n d g a p  [ 6 . 9 ] .  C o n s e q u e n t ly ,  o n l y  t h e  p o t e n t ia l  d u e  t o  th e  
S A W - i n d u c e d  e l e c t r i c  f i e l d  is  c o n s id e r e d  as  an  a d d i t io n a l  l in e a r  p e r t u r b a t io n  t e r m  in  
m o d i f y i n g  th e  D Q W  p o t e n t i a l  p r o f i l e .
T h e  e x c i t o n  in  a  D Q W  is  m o d e l l e d  u s in g  th e  v a r ia t io n a l  m e t h o d  w h ic h  h a s  b e e n  
d is c u s s e d  p r e v i o u s l y  [ 6 . 1 0 ] .  W h e n  th e  e n e r g y  d i f f e r e n c e  b e t w e e n  th e  f i r s t  a n d  s e c o n d
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s u b b a n d  s ta t e s  is  s m a ll  ( 2 - 3  m e V ) ,  th e  in t e r - s u b b a n d  c o u p l in g  o f  t h e  e x c i t o n s  m u s t  b e  
c o n s id e r e d .  C o n s e q u e n t ly ,  th e  v a r ia t io n a l  w a v e fu n c t io n s  a s s o c ia t e d  w i t h  th e  l o w e s t  
t w o  s u b b a n d  s ta te s  o f  th e  e l e c t r o n  a n d  th e  h o l e  a r e  c h o s e n  a s  [ 6 . 1 1 ]  :
w h e r e  p  is  th e  d is p la c e m e n t  o f  th e  p o s i t i o n  v e c t o r s  o f  an  e l e c t r o n  a n d  a  h o le  p r o j e c t e d  
in  x-y p la n e ;  N, M  a r e  th e  n u m b e r  o f  e l e c t r o n  s ta te s  a n d  h o le  s ta t e s  in  c a lc u la t io n  a n d  
b o t h  h a v e  a  v a lu e  o f  2 ; %a(ze) a n d  %vj(zi<) a r e  th e  w a v e fu n c t io n s  o f  th e  C\th c o n d u c t io n  
s u b b a n d  a n d  V j th v a le n c e  s u b b a n d  f o r  h e a v y  a n d  l ig h t  h o le s  r e s p e c t i v e l y ;  P  is  a  
v a r ia t io n a l  p a r a m e t e r  g o v e r n in g  th e  r a d ia l  e x t e n t  o f  th e  w a v e f u n c t i o n  a n d  d (- a n d  f) a r e  
v a r ia t io n a l  p a r a m e t e r s  w h ic h  a r e  s u b je c t  t o  th e  n o r m a l i s a t io n  c o n s t r a in t s :
T h e  m in im is e d  e x p e c t a t io n  v a lu e  o f  th e  e x c i t o n  H a m i l t o n ia n  th e  t o t a l  e x c i t o n  
e n e r g y ,  c a n  b e  d e t e r m in e d  b y
6.2.2. Optical Properties
T h e  s u b b a n d  s t r u c tu r e  a n d  th e  e x c i t o n  s ta te s ,  in c lu d in g  in t e r s u b b a n d  c o u p l in g  
e f f e c t s ,  a r e  u s e d  t o  c a lc u la t e  t h e  a b s o ip t i o n  c o e f f i c i e n t  ( a ) ,  t h e  u n b ia s e d  a b s o lu t e  
r e f r a c t i v e  in d e x  ( » , . ) ,  th e  c h a n g e  o f  a b s o r p t io n  c o e f f i c i e n t  ( A a )  a n d  th e  c h a n g e  o f  
r e f r a c t i v e  in d e x  (An) d u e  t o  a n  e l e c t r i c  f i e l d  f o r  th e  D Q W  s t r u c tu r e .  D e t a i l s  o f  a  a n d  
nr c a lc u la t io n s  a r e  in  r e fs .  [ 6 . 1 2 ]  a n d  [6 . 1 3 ]  r e s p e c t i v e l y  a n d  d is c u s s e d  in  C h a p t e r  3 . 
T h e  e s s e n t ia l  s te p s  n e e d in g  t o  b e  m o d i f i e d  t o  a d a p t  th e  D Q W  m o d e l  a r e  p r e s e n t e d  
h e r e .  T h e  b o u n d  s ta t e  a  c a n  b e  o b t a in e d  f r o m  im a g in a r y  p a r t  o f  d i e l e c t r i c  c o n s ta n t  
8 2bound(o o ) [ 6 . 1 4 ] ,  w h e r e  th e  s u p e r s c r ip t  d e n o t e s  th e  c o n d u c t io n - v a la n c e  b a n d  b o u n d  
s t a t e :
N M
V c v v / (p )  — j^'/£jdj%ci(ze)fj%Vj(Zh)e (6.1)
Ci=lV/=l
N
S K I 2 =  l a n d  £ | / / = 1 . (6.2)
1=1
( 6 . 3 )
( 6 . 4 )
w h e r e  E ei a n d  E hi a r e  th e  f i r s t  s u b b a n d  e n e r g y  o f  an  e l e c t r o n  a n d  a  h o l e ,  r e s p e c t i v e l y .
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E f ,""'((0) =
0 c,v
— ) S l < X c l X v  > r / c v (S t O ) ,  ( 6 . 5 )
w h e r e  Icv(h<n) = j p(E)S(E)L(E)dE , L(E)
%([ECV +  E-hti))2 + F S2 }o
a n d  Lw], LW2 a n d  Ltb a r e  th e  th ic k n e s s  o f  t h e  1st a n d  2 nd w e l l s ,  a n d  in n e r  b a r r ie r ,
%v', S(E) is  th e  S o m m e r f e l d  e n h a n c e m e n t  f a c t o r  w h ic h  is  a s s u m e d  h e r e  t o  b e  a  
c o n s ta n t ;  L(E) is  th e  L o r e n t z i a n  b r o a d e n in g  f a c t o r ;  r B is  th e  b o u n d  s ta t e  l in e w id t h  
( H a l f  W id t h  H a l f  M a x im u m ,  H F H M )  b r o a d e n in g  f a c t o r ;  p(E)  is  th e  p o la r is a t io n  
f a c t o r ;  e0 is  th e  p e r m i t t i v i t y  o f  f r e e  s p a c e ;  E Cv is  th e  t r a n s it io n  e n e r g y  b e t w e e n  a 
c o n d u c t io n  s u b b a n d  a n d  a  v a l e n c e  s u b b a n d ;  A 0, m*e a n d  E s a r e  th e  s p in - o r b i t  s p l i t t in g  
g a p ,  th e  e f f e c t i v e  e l e c t r o n  m a s s  a n d  b a n d g a p  e n e r g y  r e s p e c t i v e ly .  T h e  la t t e r  t h r e e  
p a r a m e t e r s  a r e  c a lc u la t e d  b y  w e i g h t in g  th e  r a t io  b e t w e e n  th e  w e l l  w id th s  a n d  th e  A l  
f r a c t io n  o f  th e  t w o  w e l l s .  D e t a i l s  o f  th e  p o la r is a t io n  f a c t o r  c a n  b e  f o u n d  f r o m  r e f .
[ 6 .1 2 ] .  T h e  im a g in a r y  p a r t  o f  D Q W  e x c i t o n  d ie l e c t r i c  c o n s ta n t  £ 2exc( a ) ) ,  im p l i e d  th e  
e x c i t o n  a b s o r p t io n  c o e f f i c i e n t ,  t is  g i v e n  b y :
w h e r e  E exc is  th e  e x c i t o n i c  t r a n s i t io n  e n e r g y  a n d  r Xa is  th e  e x c i t o n  l in e w id t h  ( h a l f  w id t h  
h a l f  m a x im u m )  b r o a d e n in g  f a c t o r .
T h e  d ie l e c t r i c  fu n c t io n s  a r e  u s e d  t o  d e t e r m in e  n r [6 .1 3 ,  6 .1 5 ]  w h ic h  is  g i v e n
w h e r e  £ i a n d  £ 2, t h e  r e a l  a n d  im a g in a r y  p a r t s  o f  th e  d ie l e c t r i c  fu n c t io n  r e s p e c t i v e ly .  
T h e s e  t w o  p a r t s  o f  th e  d i e l e c t r i c  f u n c t io n  c a n  b e  c a lc u la t e d  u s in g  e q u a t io n s  ( 3 . 2 5 )  a n d  
(3 . 2 6 ) .  T h e  m a in  d i f f e r e n c e s  in  d e t e r m in in g  th e  d ie l e c t r i c  fu n c t io n  o f  D Q W  a r e  th e  
e x p r e s s io n s  f o r  £2" r , z2botiml a n d  E2rblt,k. T h e  e q u a t io n s  o f  £2CAr, e / 0" ' " 7 h a v e  b e e n  g i v e n  
a s  ( 6 . 5 )  a n d  ( 6 .6 )  r e s p e c t i v e l y .  T h e  E2rblllk (oo) is  d e t e r m in e d  b y  w e i g h t in g  th e  b a r r ie r  
a n d  w e l l  t o g e t h e r  in  th e  r a t io  o f  th e  w id t h  o f  th e  t w o  w e l l s  o f  a  D Q W  a n d  w id t h  o f
r e s p e c t i v e l y ;  ( x c  | X  v)\2 f h e  p r o b a b i l i t y  o f  th e  w a v e fu n c t i o n  o v e r l a p  b e t w e e n  %c a n d
b y :
0 ) = (iE,(C0) +  [E, (CO)]2 + [£,_(C0)]2 y  f ( 6 . 7 )
b a r r ie r s :
98
Chapter 6
e f "  (co) =  f a -  [e2r“  (co)],,., +  ± ^ [ e 2r“  (co)],„2
tot f a n !
+ + - [ e 2r“ ( co)]a + ^ [ E 2re,"‘ (co)U  (6.8)
tot tot
w h e r e  Loh is  t h e  th ic k n e s s  o f  o n e  o u t e r  b a r r ie r  a n d  Lwt =  L wI +  Lw2 +  2Lob +  Lib; th e  
s u b s c r ip ts  wl, w2, ib, a n d  ob d e n o t e  th e  82n ," /*(cD) o f  th e  1st w e l l ,  2 nd w e l l ,  th in  in n e r  
b a r r ie r  b e t w e e n  th e  t w o  w e l l s  a n d  th ic k  i s o la t io n  la y e r  b e t w e e n  t w o  a d ja c e n t  D Q W s  
r e s p e c t i v e l y ;  8 / ( 00) ,  is  d e t e r m in e d  u s in g  th e  K r a m e r s - K r o n i g  t r a n s fo r m a t io n  o f  £2/ 00) .  
W i t h  th e  e x p r e s s io n s  o f  £2evc, e / 01" " '  a n d  z2rbulk, th e  r e a l  p a r t  o f  r e f r a c t i v e  in d e x  c a n  b e  
d e t e r m in e d  u s in g  e q u a t io n s  ( 3 . 2 5 ) ,  ( 3 . 2 6 ) ,  ( 3 . 2 7 )  a n d  ( 6 . 7 ) .  S A W  in d u c e d  
m o d i f i c a t io n s  o f  th e  a b s o ip t io n  c o e f f i c i e n t  is  d e t e r m in e d  u s in g  e q u a t io n s  ( 6 . 5 )  a n d
( 6 .6 ) .  T h e  c h a n g e  o f  r e f r a c t i v e  in d e x  in d u c e d  b y  S A W  is  th e n  c a lc u la t e d  b y  u s in g  th e  
K r a m e r s - K r o n i g  t r a n s f o r m a t io n  f r o m  th e  c h a n g e  o f  a b s o ip t i o n  c o e f f i c i e n t .
6.2.3 Modulator Characteristics
A  m u lt i la y e r  p la n a r  w a v e g u id e  m o d e l  u s in g  th e  t r a n s fe r  m a t r ix  m e t h o d  [ 6 .1 4 ]  is 
u s e d .  F r o m  th is  c a lc u la t io n ,  th e  m o d e  f i e l d  p r o f i l e s  a n d  th e  p r o p a g a t i o n  c o n s ta n ts  a r e  
o b t a in e d  f o r  th e  d e t e r m in a t io n  o f  t h e  e f f e c t i v e  a b s o r p t io n  c o e f f i c i e n t  a Cff a n d  e f f e c t i v e  
r e f r a c t i v e  in d e x  n eff r e s p e c t i v e l y  [ 6 .2 ] ,  t o  e n a b le  th e  p e r f o r m a n c e  o f  th e  p h a s e  
m o d u la t o r  t o  b e  c a lc u la t e d .  T h e  im p o r t a n t  p e r f o r m a n c e  c h a r a c t e r is t ic s  in c lu d e  th e  
p h a s e  c h a n g e  A $ ,  th e  o p t i c a l  c o n f in e m e n t  f a c t o r ,  th e  c h ir p  p a r a m e t e r  p mod a n d  th e  
a b s o ip t io n  lo s s  o w  D e t a i l s  o f  t h e s e  p a r a m e t e r s  c a n  b e  f o u n d  in  r e f .  [ 6 .2 ] .
T y p i c a l  e l e c t r o - o p t i c a l  p h a s e  m o d u la t o r  r e q u ir e s  P „10d > 1 0  [ 6 . 1 6 ] .  H i g h  
p e r f o r m a n c e  p h a s e  m o d u la t o r s  a ls o  r e q u i r e  a  l o w  o w  w h ic h  is  a  m e a s u r e  o f  th e  
in s e r t io n  lo s s  o f  th e  d e v i c e ,  w h e r e  o w  is  d e f i n e d  as  a eff w i t h  th e  S A W  e f f e c t .
6 .3  R e s u l t s  a n d  D i s c u s s i o n s
A  5 p e r io d s  a s y m m e t r ic  D Q W  p h a s e  m o d u la t o r  o p e r a t e d  b y  u s in g  a  S A W  w i t h  
X Sa w  o f  1 5 p m  a n d  S A W  p o w e r  o f  3  m W  p e r  A.Sa w  is  a n a ly s e d  h e r e .  I n  o r d e r  t o  h a v e  a  
l o w  aioss, th e  p h a s e  m o d u la t o r  is  o p e r a t e d  a t a  w a v e l e n g t h  b e y o n d  th e  e x c i t o n  
a b s o ip t i o n  p e a k  o f  th e  C 1 - H H 1  t r a n s i t io n  [6 . 1 6 ] .  T h e  o p t im is a t io n  o f  th e  D Q W
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s t r u c tu r e  is  d is c u s s e d  f i r s t  a n d  th e  m o d u la t io n  c h a r a c t e r is t ic s  o f  th e  S A W  m o d u la t o r  
w i t h  th e  o p t im is e d  D Q W  a r e  th e n  a d d r e s s e d .  S in c e  A,Sa w  is  15  p m  a n d  a  s in g le  D Q W  
th ic k n e s s  is  ~ 1 0 ” 2p m ,  th e  S A W  in d u c e d  p o t e n t ia l  d u e  t o  th e  p i e z o e l e c t r i c  e f f e c t  is  
e f f e c t i v e l y  l in e a r  in  e a c h  D Q W  a ll  o f  w h ic h  a r e  in  th e  t o p  0 . 2 p m  o f  th e  s tru c tu r e .  
T h e r e f o r e ,  th e  D Q W  p o t e n t ia l  p r o f i l e  t i l t e d  b y  a n  u n i fo r m  b ia s  e l e c t r i c  f i e ld ,  a s  in  a  
c o n v e n t io n a l  p - i - n  r e v e r s e  b ia s  m o d u la t o r  [6 .1 2 ,  6 .1 4 ] ,  is  s tu d ie d  in  o p t im is in g  o f  th e  
D Q W  s tru c tu r e .  I n  m o d e l l in g  th e  S A W ,  d u e  t o  th e  c o n s id e r a b le  d i f f e r e n c e  o f  th e  Z Sa w  
m a g n itu d e  a n d  D Q W  d im e n s io n ,  th e  S A W  is  r e l a t i v e l y  in s e n s i t iv e  t o  th e  p r e s e n c e  o f  
th e  th in  in n e r  b a r r ie r  o f  D Q W .  T h u s  th e  S A W  p o t e n t ia l  p r o f i l e  is  m o d e l l e d  u s in g  a  f i v e  
p e r i o d  s in g le  Q W  s t r u c tu r e  w h e r e  th e  w e l l  w id t h  is  e q u iv a le n t  t o  th e  th ic k n e s s  o f  th e  
D Q W  s tru c tu re .
6.3.1 Optimisation of Asymmetric DQW
I n  o r d e r  t o  im p r o v e  th e  o p t i c a l  p r o p e r t i e s  o f  a  D Q W  s tr u c tu r e ,  th e  s t ru c tu ra l 
p a r a m e t e r s ,  in c lu d in g  th e  w e l l  w id th s ,  th e  A l  f r a c t io n  in  th e  w e l l s ,  th e  A l  f r a c t io n  o f  th e  
is o la t io n  b a r r ie r s  b e t w e e n  th e  t w o  a d ja c e n t  D Q W  p a ir s ,  a n d  th e  th ic k n e s s  a n d  A l  
f r a c t io n  o f  th e  in n e r  b a r r ie r  a r e  v a r ie d .  G e n e r a l l y ,  th e  c o n f in e m e n t  o f  a n  e n v e lo p e  
w a v e fu n c t i o n  im p r o v e s  w h e n  th e  A l  f r a c t io n  o f  th e  i s o la t io n  b a r r ie r s  in c r e a s e s  a n d  th e  
t o t a l  th ic k n e s s  (Lwl +  LW2 +  L ib) r e d u c e s .  T h e  e f f e c t s  o f  v a r y in g  th e  th ic k n e s s  o f  th e  
w e l l s  a n d  th e  in n e r  b a r r ie r  o f  a  s y m m e t r ic  D Q W  o n  th e  o p t i c a l  p r o p e r t i e s  h a v e  b e e n  
t h o r o u g h ly  s tu d ie d  [ 6 .1 7 ]  a n d  a r e  n o t  d is c u s s e d  fu r t h e r  h e r e .  I n  o r d e r  t o  h a v e  a  s t r o n g  
q u a n tu m  c o n f in e m e n t ,  th e  A l  f r a c t io n  o f  0 .5 2  is  u s e d  f o r  th e  i s o la t io n  b a r r ie r s  [ 6 .4 ]  a n d  
th e  th ic k n e s s  o f  (Lw} +  Lw2 +  Lih) is  1 0 5 A  ( - 1 0 0 A )  [ 6 .1 7 ] .  T h e  in n e r  b a r r ie r  th ic k n e s s  
o f  1 5 A  is  u s e d  h e r e  t o  p r o d u c e  s t r o n g  c o u p l in g  e f f e c t s  in  th e  D Q W  s t r u c tu r e  [6 .1 7 ] .  
I n  o r d e r  t o  o p t im is e  an  a s y m m e t r ic  D Q W  s t r u c tu r e ,  th e  e f f e c t s  o f  th e  t w o  w e l l  w id th s  
L wi a n d  L w2, t h e  A l  f r a c t io n  o f  th e  t w o  w e l l s  a n d  th e  in n e r  b a r r ie r  a r e  in v e s t i g a t e d  h e r e .  
A n  o p t im is e d  D Q W  s t r u c tu r e  is  o b t a in e d  b y  a n a ly s in g  th e  w a v e fu n c t i o n  d is t r ib u t io n ,  
th e  s q u a r e  o f  th e  o v e r l a p  in t e g r a l ,  th e  s q u a r e  o f  v a r ia t io n a l  p a r a m e t e r  (32 (w h i c h  
g o v e r n s  th e  r a d ia l  e x t e n t  o f  th e  w a v e f u n c t i o n )  a n d  th e  a b s o ip t i o n  c o e f f i c i e n t .
F o u r  A lG a A s / G a A s  D Q W  s t r u c tu r e s  a r e  u s e d  t o  s h o w  th e  e f f e c t s  o f  th e  A l  
f r a c t io n  o f  th e  w e l l  a n d  b a r r ie r  la y e r s  a n d  th e  w e l l  w id t h  o f  D Q W  o n  its  o p t i c a l  
p r o p e r t ie s .  T h e y  a r e
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A :  Z 4 5 / 1 5 / 4 5  a n d  X O .O / 0 .5 2 / 0 .0  d e n o t e s  th e  la y e r  d im e n s io n s  a n d  th e  A l  f r a c t io n s  
r e s p e c t i v e l y  th a t  t h e  D Q W  c o n s is t  o f  t w o  id e n t ic a l  G a A s  w e l l s  ( A l  f r a c t io n  =  0 )  
e a c h  w i t h  a  w id t h  o f  4 5 A  s e p a r a t e d  b y  an  in n e r  b a r r ie r  w i t h  a n  A l  f r a c t io n  o f  0 .5 2  
a n d  a  th ic k n e s s  o f  15 A ;
B :  Z 3 0 / 1 5 / 6 0  a n d  X 0 .0 / 0 .5 2 / 0 .0  t o  s h o w  th e  e f f e c t  o f  d i f f e r e n t  w e l l  w id t h s ;
C :  Z 3 0 / 1 5 / 6 0  a n d  X 0 .0 / 0 .5 2 / 0 .0 3 6  t o  s h o w  th e  e f f e c t s  o f  d i f f e r e n t  w e l l  c o m p o s i t i o n ;  
D :  Z 3 0 / 1 5 / 6 0  a n d  X 0 .0 / 1 .0 / 0 .1 1 8  t o  s h o w  th e  e f f e c t  o f  th e  c o m p o s i t i o n  o f  th e  in n e r  
b a r r ie r .
T h e  i s o la t i o n  la y e r s  o f  a l l  th e  f o u r  D Q W  s tru c tu r e s  h a v e  an  A l  f r a c t i o n  o f  0 .5 2 .
T h e  p o t e n t ia l  p r o f i l e  o f  s t r u c tu r e  A  is  s h o w n  in  F ig .  6 .1 .  T h e  s q u a r e  o f  th e  
o v e r l a p  in t e g r a l  o f  d ia g o n a l  t r a n s it io n s ,  i .e .  C 1 - H H 1  a n d  C 2 - H H 2 ,  r e d u c e  a n d  th a t  o f  
t h e  n o n - d ia g o n a l  t r a n s it io n s ,  i . e .  C 1 - H H 2  a n d  C 2 - H H 1 ,  in c r e a s e  w h e n  th e  u n i f o r m  
e le c t r i c  f i e l d  F  in c r e a s e s  f r o m  0  t o  2 0  k V / c m ,  as  s h o w n  in  T a b l e  6 .1 .  T h e s e  c h a n g e s  
c a n  b e  e x p r e s s e d  b y  p l o t t in g  th e ir  w a v e fu n c t io n s ,  s e e  F i g .  6 .1 .  A l t h o u g h  th e  s q u a r e  o f  
th e  o v e r l a p  in t e g r a l  o f  th e  L H  t r a n s it io n s  h a s  n o t  b e e n  d is c u s s e d  h e r e ,  th e  v a r ia t io n s  
a r e  s im i la r  t o  t h o s e  o f  th e  H H  t r a n s it io n s .  T h e  e x c i t o n  a b s o r p t io n  s p e c t r a  o f  s t r u c tu r e  
A  f o r  a p p l ie d  f i e ld s  o f  F  =  0  a n d  2 0  k V / c m  a r e  s h o w n  in  F i g .  6 . 2 ( a ) .  T h e  e x c i t o n  
a b s o ip t io n  c o e f f i c i e n t  a exc o f  th e  d ia g o n a l  t r a n s it io n s ,  s u c h  as  C 1 - H H 1 ,  r e d u c e  
c o n s id e r a b ly  a n d  a exc f o r  th e  n o n - d ia g o n a l  t r a n s it io n s ,  s u c h  a s  C 1 - H H 2 ,  e s ta b l is h e s  
w i t h  a  h ig h  m a g n i tu d e  w h e n  F  in c r e a s e s  t o  2 0  k V / c m . T h e  c h a n g e  o f  r e f r a c t i v e  in d e x  
d u e  t o  th e  u n i f o r m  a p p l i e d  e l e c t r i c  f i e l d  is  o b t a in e d ,  s e e  F i g .  6 .3 (a ) .
W h e n  th e  w id th s  o f  th e  t w o  w e l l s  o f  t h e  s y m m e t r ic  s t r u c tu r e  A  a r e  m o d i f i e d  t o  
b e c o m e  a s y m m e t r ic ,  i . e .  s t r u c tu r e  B ,  t h e  s q u a r e  o f  o v e r l a p  in t e g r a l  o f  d ia g o n a l  a n d  
n o n - d ia g o n a l  t r a n s it io n s  s h o w  n o  s ig n i f i c a n t  c h a n g e  d u e  t o  th e  u n i f o r m  a p p l ie d  f i e ld ,  as  
s h o w n  in  T a b l e  6 .1 .  W h e n  th e  a p p l i e d  e l e c t r i c  f i e l d  in  s t r u c tu r e  A  (s y m m e t r i c  D Q W )  
in c r e a s e s  f r o m  0  t o  2 0 k V / c m ,  th e  s q u a r e  o f  th e  o v e r l a p  in t e g r a l  o f  th e  d ia g o n a l  
t r a n s it io n s  r e d u c e s  f r o m  - 0 . 9  t o  - 0 . 6  a n d  th e  n o n - d ia g o n a l  o n e s  in c r e a s e  f r o m  0  t o  
- 0 . 6 .  H o w e v e r ,  b y  m o d i f y in g  th e  s y m m e t r ic  D Q W  t o  th e  a s y m m e t r ic  D Q W  s tr u c tu r e  
B ,  th e  s q u a r e  o f  th e  o v e r l a p  in t e g r a l  is  m a in t a in e d  a t - 0 . 9  a n d  - 0  f o r  d ia g o n a l  a n d  n o n ­
d ia g o n a l  t r a n s it io n s  r e s p e c t i v e l y  w h e n  th e  a p p l ie d  f i e ld  in c r e a s e s  f r o m  0  t o  2 0 k V / c m . 
A s  a  r e s u lt ,  a exc s p e c t r a  w i t h  a n d  w i t h o u t  th e  a p p l ie d  f i e ld  a r e  s im i la r  t o  e a c h  o t h e r  a n d  
r e s u lt  in  a  s m a l l  r e f r a c t i v e  in d e x  c h a n g e  f o r  s t r u c tu r e  B ,  as  s h o w n  in  F i g .  6 .3 (b ) .
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C o n s e q u e n t ly ,  an  a s y m m e t r ic  D Q W  p r o d u c e d  b y  o n ly  a d ju s t in g  th e  w e l l  w id th s  is  n o t  
u s e fu l  f o r  th e  fa b r ic a t io n  o f  a  p h a s e  m o d u la t o r  d u e  t o  th e  s m a ll  S A W  in d u c e d  f i e l d  ( ~  
2 0 k V / c m ) .
B y  in c r e a s in g  th e  A l  f r a c t io n  in  th e  w id e r  w e l l  t o  0 .0 3 6 ,  i .e .  s t r u c tu r e  C ,  th e  
c h a n g e  o f  th e  s q u a r e  o f  th e  o v e r l a p  in t e g r a l  d u e  t o  th e  a p p l ie d  f i e l d  is  s im ila r  in  t r e n d  
t o  th a t  o f  s t r u c tu r e  A .  H o w e v e r ,  in  s t r u c tu r e  C ,  th e  t o t a l  c h a n g e  o f  th e  s q u a r e  o f  th e  
o v e r l a p  in t e g r a l  f o r  s t r u c tu r e  C  is  l a r g e r  th a n  th a t  f o r  s t r u c tu r e  A .  T h e r e f o r e ,  b y  
in c r e a s in g  th e  A l  f r a c t io n  o f  th e  w i d e r  w e l l  t o  0 .0 3 6 ,  th e  c h a n g e  o f  th e  s q u a r e  o f  th e  
o v e r l a p  in t e g r a l  d u e  t o  an  a p p l ie d  e l e c t r i c  f i e l d  o n  b o t h  th e  d ia g o n a l  a n d  th e  n o n ­
d ia g o n a l  t r a n s it io n s  in c r e a s e s  t o  - 0 . 8 .  T h e  f i e l d  in d u c e d  c h a n g e s  in  th e  s y m m e t r ic  
s t r u c tu r e  A  a r e  o n ly  - 0 . 6  f o r  b o t h  d ia g o n a l  a n d  n o n - d ia g o n a l  t r a n s it io n s .  I f  th e  A l  
f r a c t i o n  o f  th e  w id e r  w e l l  in c r e a s e s  fu r th e r ,  th e  c h a n g e  o f  t h e  s q u a r e  o f  th e  o v e r l a p  
in t e g r a l  r e d u c e s  a g a in ,  ju s t  as  f o r  th e  c a s e  w h e n  th e  A l  f r a c t i o n  in c r e a s e s  t o  0 .1 2 ,  th e  
c h a n g e  o f  th e  s q u a r e  o f  t h e  o v e r l a p  in t e g r a l  o f  C 1 - H H 1  a n d  C 1 - L H 1  a r e  f r o m  - 0 . 6 2  t o  
- 0 . 4 1  a n d  f r o m  - 0 . 3 2  t o  - 0 . 5 3  r e s p e c t i v e l y .  T h e r e f o r e ,  t h e  c h a n g e  o f  th e  a b s o ip t io n  
c o e f f i c i e n t  a n d  r e f r a c t i v e  in d e x  a r e  r e d u c e d .  C o n s e q u e n t ly ,  t h e  la r g e  c h a n g e  o f  th e  
s q u a r e  o f  th e  o v e r l a p  in t e g r a l  c o n t r ib u t e s  t o  a  la r g e  r e f r a c t i v e  in d e x  c h a n g e  f o r  
s t r u c tu r e  C  a t w a v e l e n g t h s  >  0 .7 9 5 p m ,  s e e  F ig .  6 . 3 ( c ) ,  a s  c o m p a r e d  t o  th a t  o f  
s t r u c tu r e  A  a t w a v e l e n g t h s  >  0 .8 1 5 p m ,  s e e  F i g .  6 . 3 ( a ) .  T h u s  s t r u c tu r e  C  is  m o r e  
u s e fu l  f o r  d e v e l o p i n g  a  p h a s e  m o d u la t o r .
I t  is  in t e r e s t in g  t o  n o t e  th a t  a  la r g e r  r e f r a c t i v e  in d e x  c h a n g e  c a n  b e  o b t a in e d  
u s in g  o p t im is e d  D Q W  s t r u c tu r e  D  w h e r e  th e  m o s t  im p o r t a n t  d i f f e r e n c e  b e t w e e n  
s t r u c tu r e s  C  a n d  D  is  t h e  in c r e a s e  o f  th e  A l  f r a c t io n  o f  th e  in n e r  b a r r ie r  t o  1 .0 . A s  
s h o w n  in  F i g .  6 . 4 ( a ) ,  th e  C l  a n d  H H 1  w a v e fu n c t io n s  f o r  F  =  0  a r e  p r e d o m in a n t ly  in  
th e  n a r r o w  w e l l ,  b e c a u s e  o f  in c r e a s e s  in  th e  A l  f r a c t io n  o f  b o t h  th e  b a r r ie r  a n d  th e  
w i d e r  w e l l ,  w h i l e  in  s t r u c tu r e  A  th e  t w o  w a v e fu n c t io n s  a r e  e v e n l y  d is t r ib u t e d  in  b o t h  
w e l l s ,  s e e  F i g .  6 . 1 ( a ) .  F o r  F  =  2 0  k V / c m ,  s e e  F i g .  6 . 4 ( b ) ,  C l  o f  s t r u c tu r e  D  is  b e t t e r  
c o n f in e d  in  th e  r ig h t  h a n d  w e l l  as  c o m p a r e d  t o  th a t  o f  s t r u c tu r e  A ,  s e e  F i g .  6 . 1 ( a ) ,  
s in c e  t h e  A l  f r a c t io n  o f  th e  in n e r  b a r r ie r  a n d  w id t h  o f  th e  r i g h t  h a n d  w e l l  o f  s t r u c tu r e  D  
in c r e a s e s  a n d  b r o a d e n s  r e s p e c t i v e l y ,  w h i l e  H H 1  h a s  n o  s ig n i f ic a n t  c h a n g e .  
C o n s e q u e n t ly ,  w h e n  th e  A l  f r a c t i o n  o f  t h e  in n e r  b a r r ie r  in c r e a s e s  t o  1 .0  (s t r u c t u r e  D ) ,  
t h e  s q u a r e  o f  t h e  o v e r l a p  in t e g r a l  o f  C 1 - H H 1  r e d u c e s  s l i g h t ly  t o  - 0 . 8 3  as  c o m p a r e d  t o
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- 0 . 9 6  f o r  th e  o t h e r  s t ru c tu r e s  f o r  z e r o  a p p l ie d  f i e ld ,  s e e  T a b l e  6 .1 .  H o w e v e r ,  s in c e  p 2 
o f  C 1 - H H 1  in c r e a s e s  f r o m  4 . 7 3 x 1 0 °  in  s t r u c tu r e  A  t o  8 . 7 6 x l 0 '5 in  s t r u c tu r e  D ,  i .e .  
a lm o s t  a  t w o  f o l d  in c r e a s e  o f  p 2, th e  C 1 - H H 1  a exc o f  s t r u c tu r e  D  in c r e a s e s  
c o n s id e r a b ly  t o  - 2 5 0 0 0 c m '1, as  s h o w n  in  F i g .  6 .2 (b ) .  W h e n  F  =  2 0 k V / c m ,  th e  s q u a r e  
o f  t h e  o v e r l a p  in t e g r a l  o f  C 1 - H H 1  o f  s t r u c tu r e  D  is  o n e - t h i r d  th a t  o f  s t r u c tu r e  A  a n d  p 2 
o f  C 1 - H H 1  is  a ls o  s l ig h t ly  r e d u c e d  f r o m  3 . 9 9 x l 0 "5 in  s t r u c tu r e  A  t o  3 . 7 6 x l 0 '5 in  
s t r u c tu r e  D .  T h e  C 1 - H H 1  a exc o f  s t r u c tu r e  D  t h e r e fo r e  r e d u c e s  s ig n i f ic a n t ly ,  as  s h o w n  
in  F i g .  6 .2 ( b ) .  I t  s h o u ld  b e  n o t e d  th a t  s in c e  in c r e a s in g  th e  A l  f r a c t i o n  in  th e  in n e r  
b a r r ie r  c o n t r ib u t e s  t o  th e  v a r ia t io n s  o f  C l  a n d  H H 1  o f  b o th  F  =  0  a n d  F  =  2 0 k V / c m ,  
s t r u c tu r e  D  c a n  b e  c o n s id e r e d  a s  a  D Q W  t o  s tu d y  th e  e f f e c t  o f  th e  A l  f r a c t io n  in  th e  
b a r r ie r  in  o p t im is in g  th e  D Q W  s t r u c tu r e  w h i l e  th e  e f f e c t s  o f  in c r e a s in g  th e  w e l l  w id th  
a n d  th e  A l  f r a c t io n  o f  th e  r ig h t - h a n d  w e l l  h a v e  b e e n  d is c u s s e d  in  s t r u c tu r e  B  a n d  C ,  
r e s p e c t i v e l y .
T h e  in c r e a s e  a n d  d e c r e a s e  o f  th e  C 1 - H H 1  a exc o f  s t r u c tu r e  D  f o r  F  =  0  a n d  F  =  
2 0  k V / c m  r e s p e c t i v e l y  r e s u lt  in  a  l a r g e r  r e f r a c t i v e  in d e x  c h a n g e  a t  w a v e le n g t h s  
b e t w e e n  0 .7 5 p m  a n d  0 .7 8 | iim  f o r  s t r u c tu r e  D  a s  c o m p a r e d  t o  th a t  o f  s t r u c tu r e  A  a t 
w a v e le n g t h s  b e t w e e n  0 .8 1 5 p m  a n d  0 .8 4 p m .  T h e  m a in  r e a s o n s  a r e :  f i r s t l y  th e  la r g e  
n e g a t i v e  A a exc =  [ocexc( F  =  2 0 k V / c m )  -  a exc( F  =  0 ) ] ,  a t w a v e l e n g t h s  b e t w e e n  0 .7 5 p m  
a n d  0 .7 6 p m  f o r  s t r u c tu r e  D ,  s e e  F i g .  6 . 2 ( b ) .  T h is  c o n t r ib u t e s  t o  a  la r g e  n e g a t i v e  
r e f r a c t i v e  in d e x  c h a n g e  a t w a v e l e n g t h s  b e t w e e n  0 .7 5 p m  a n d  0 .7 8 p m  a f t e r  th e  K r a m e r -  
K r o n i g  t r a n s fo r m a t io n ,  s e e  F i g .  6 . 3 ( d ) .  S e c o n d ly ,  th e  la r g e  b u t  o p p o s i t e  s ig n  A a exc o f  
s t r u c tu r e  A  f o r  w a v e l e n g t h s  b e t w e e n  0 .8 0 p m  a n d  0 .8 2 p m ,  s e e  F i g .  6 . 2 ( a ) .  T h i s  c a u s e s  
a  c a n c e l la t io n  o f  r e f r a c t i v e  in d e x  c h a n g e s  in  th e  K r a m e r - K r o n i g  t r a n s fo r m a t io n  a n d  
r e s u lt s  in  a  s m a l l  p o s i t i v e  r e f r a c t i v e  in d e x  c h a n g e  a t w a v e le n g t h s  b e t w e e n  0 .8 1 5 p m  a n d  
0 .8 4 p m ,  s e e  F i g .  6 . 3 ( a ) .  A s  a  c o n s e q u e n c e ,  s t ru c tu r e  D  p r o v id e s  a  la r g e r  r e f r a c t i v e  
in d e x  f o r  a  l o w  a p p l i e d - f i e ld  p h a s e  m o d u la t io n  th a n  s t r u c tu r e  A .  I t  s h o u ld  b e  n o t e d  
th a t  th e  e x p r e s s io n  f o r  th e  l a r g e  r e f r a c t i v e  in d e x  c h a n g e  o f  s t r u c tu r e  D  is  a ls o  
a p p l i c a b l e  t o  s t ru c tu r e  C .
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T h e  o p t im is e d  D Q W  s t r u c tu r e  c o n ta in s  f i v e  D Q W  p a ir s  a s  th e  a c t i v e  r e g i o n  o f  
th e  S A W  m o d u la t o r .  T h e  f i v e  D Q W s  a r e  t i l t e d  b y  th e  p o t e n t ia l  o f  th e  S A W  in d u c e d  
e l e c t r i c  f i e ld  a n d  th e y  l o c a t e  a t th e  t o p  r e g i o n  (w i t h  th ic k n e s s  <  2 0 0 n m )  o f  th e  w h o l e  
n o n - l in e a r  S A W  p o t e n t ia l  p r o f i l e  as  s h o w n  in  F i g .  6 .5 .  I n  th is  f i g u r e ,  th e  g r a d ie n t  o f  
th e  S A W  p o t e n t ia l  is  l a r g e s t  a t t h e  s u r fa c e ,  i .e .  th e  s t r o n g e s t  e l e c t r i c  f i e l d  in d u c e d  b y  
th e  S A W  c a n  b e  u s e d  f o r  p h a s e  m o d u la t io n .
A s  s h o w n  in  F i g .  6 .6 , a  o f  th e  D Q W s  a r e  m o d i f i e d  d u e  t o  th e  S A W  in d u c e d  
p o t e n t ia l .  T h e  a b s o ip t io n  s p e c t r a  o f  th e  1st, 3 rd, a n d  5 th D Q W  a lm o s t  c o in c id e ,  i . e .  t h e  
s lo p e  o f  th e  S A W  in d u c e d  p o t e n t ia l  a lm o s t  id e n t ic a l  o v e r  th e  f i v e  D Q W s .  T h is  im p l ie s  
th a t  e a c h  o f  t h e  f i v e  D Q W s  c a n  p r o v i d e  s im i la r A n  as  s h o w n  F i g .  6 .7 .
A l t h o u g h  th e  o p t i c a l  c o n f in e m e n t  f a c t o r  o f  th e  S A W  p h a s e  m o d u la t o r  is  n o t  
s p e c ia l ly  l a r g e  ( ~  0 .5 4 ) ,  th e  s t r o n g  e l e c t r i c  f i e l d  in d u c e d  b y  th e  S A W  p r o v id e s  a  la r g e  
p h a s e  m o d u la t io n ,  a s  s h o w n  in  T a b l e  6 .2 .  A t  a n  o p e r a t in g  w a v e l e n g t h  ( Z op)  o f  
0 .7 5 5 p m ,  A n eff, a n d  th u s  A(J), f o r  a  S A W  a p e r tu r e  (m o d u la t io n  l e n g t h )  o f  5 0 p m  a r e  
v e r y  h ig h  w i t h  v a lu e s  o f  1 . 3 8 x l 0 '2 a n d  5 .7 6  r a d ia n s  r e s p e c t i v e l y .  H o w e v e r ,  th e  p e n a l t y  
is  a  la r g e  A a eff o f  3 2 9 c m '1, w h ic h  r e s u lt s  in  a  l o w  (3mod =  6 .9  ( < 1 0 ) .  T h is  m e a n s  th a t , 
a l t h o u g h  a  la r g e  p h a s e  m o d u la t io n  is  p r o d u c e d ,  an  u n e x p e c t e d l y  s t r o n g  in t e n s i t y  
m o d u la t io n  is  p r o d u c e d  s im u lt a n e o u s ly .  T h e r e f o r e ,  i t  is  n o t  u s e fu l  f o r  a  S A W  p h a s e  
m o d u la t o r  t o  o p e r a t e  a t Z op =  0 .7 5 5 p m .  F o r  l o n g e r  Z op, p mod in c r e a s e s  w h ic h  im p l ie s  
th a t  th e  p h a s e  m o d u la t io n  is  m o r e  d o m in a n t ,  a s  c o m p a r e d  t o  t h e  in t e n s i t y  m o d u la t io n .  
H o w e v e r ,  b o t h  A n eff a n d  A<j> r e d u c e s  w h e n  Z op in c r e a s e s  a n d  th u s  w e a k e n s  th e  p h a s e  
m o d u la t io n .  Z op is  f in a l l y  s e l e c t e d  a t  0 . 7 6 p m  s o  th a t  A n eff a n d  A (j) v a lu e s  o f  0 . 5 2 1 x l 0 ‘ 2 
a n d  2 .1 5  r a d ia n  r e s p e c t i v e l y  a r e  o b t a in e d  w h i l e  p mod is  u p  t o  1 2 .2 .
T o  c o m p a r e  th e s e  r e s u lt s  w i t h  a  S A W  p h a s e  m o d u la t o r  u s in g  a  5 p e r i o d  s in g le  
Q W  a s  th e  a c t i v e  r e g i o n  [6 . 2 ] ,  t h e  o p t im is e d  D Q W  h a s  a  1 0  t im e s  la r g e r  A n eff. In  
a d d it io n ,  s in c e  o n l y  a  s m a ll  c h a n g e  o f  th e  S A W  in d u c e d  p o t e n t ia l  ( e q u iv a le n t  t o  a  
l in e a r  a p p l ie d  e l e c t r i c  f i e l d  o f  ~ 2 0 k V / c m )  is  r e q u ir e d ,  t h e  S A W  w i t h  a  l o n g  / s a w  o f  
1 5 p m  a n d  a  l o w  S A W  p o w e r  o f  3 m W  c a n  b e  u s e d . A  l o n g e r  / s a w  a n d  l o w e r  S A W  
p o w e r  s im p l i f y  th e  f a b r i c a t io n  o f  t h e  S A W  t r a n s d u c e r .  C o n s e q u e n t ly ,  th e  a s y m m e t r ic
6.3.2 Modulator Characteristics
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D Q W  p h a s e  m o d u la t o r  u s in g  S A W  is  an  a c o u s t o - o p t i c a l  d e v i c e  w i t h  a  la r g e  p h a s e  
m o d u la t io n .
6.4 Sum m ary
O p t im is e d  D Q W  o p t i c a l  p h a s e  m o d u la t o r s  u s in g  S A W  h a v e  b e e n  in v e s t i g a t e d  
th e o r e t ic a l ly .  T h e  o p t im is e d  a s y m m e t r ic  D Q W  s t r u c tu r e ,  i .e .  Z 3 0 / 1 5/6 0 , 
X 0 . 0 / 1 .0 / 0 .1 8  a n d  is o la t io n  la y e r s  w i t h  0 .5 2  A l  f r a c t io n ,  is  p r o p o s e d  as  th e  5 - p e r i o d  
D Q W  a c t i v e  r e g i o n  o f  th e  p h a s e  m o d u la t o r  f o r  a  S A W  w i t h  A,Sa w  a n d  p o w e r  o f  1 5 p m  
a n d  3 m W  r e s p e c t i v e ly .  T h e  r e s u lt s  s h o w  th a t th e  la r g e  c h a n g e  o f  S A W  in d u c e d  
p o t e n t ia l  a t  th e  t o p  s u r fa c e  c a n  b e  u t i l is e d .  M e a n w h i l e ,  th e  f i v e - D Q W  s u b b a n d  
s t r u c tu r e  is  t i l t e d  u n i f o r m ly  s o  th a t  t h e  r e f r a c t i v e  in d e x  c h a n g e  p r o d u c e d  b y  e a c h  D Q W  
is  a lm o s t  id e n t ic a l .  I n  a d d it io n ,  th e  c h a n g e  o f  th e  e f f e c t i v e  r e f r a c t i v e  in d e x  f o r  th e  
o p t im is e d  D Q W  is  ~ 1 0 "2 w h ic h  is  1 0  t im e s  th a t  o f  a  s t r u c tu r e  c o n t a in in g  5  s in g le  Q W s  
is  ~ 1 0 3 [ 6 .2 ]  a n d  1 0 0  t im e s  th a t  o f  a  c o n v e n t io n a l  A l G a A s  b u lk  S A W  m o d u la t o r
[ 6 . 1 8 ] ,  i . e .  a  la r g e r  p h a s e  m o d u la t io n  is  o b t a in e d  in  th e  D Q W  s t r u c tu r e .  C o n s e q u e n t ly ,  
t h e  a s y m m e t r ic  D Q W  p h a s e  m o d u la t o r  u s in g  a  S A W  b e c o m e s  a n  a t t r a c t iv e  c a n d id a t e  
in  th e  d e v e l o p m e n t  o f  Q W  a c t i v e  o p t o e l e c t r o n i c  d e v i c e s  a n d  c i r c u i t s .
I t  is  im p o r t a n t  t o  n o t e  th a t ,  s in c e  th e  D Q W  s t r u c tu r e  is  o p t im is e d  u s in g  an  
u n i f o r m  a p p l ie d  f i e ld ,  th e  a n a ly s is  o f  t h e  o p t im is a t io n  c a n  a ls o  s e r v e  as  a  g u id e  f o r  
d e v e l o p in g  an  e l e c t r i c a l  b ia s e d  D Q W  p h a s e  m o d u la t o r  a n d  th e  o p t im is e d  D Q W  
s tru c tu r e  is  a ls o  a p p l i c a b l e  f o r  th e  u s e  o f  a  l o w - b i a s  D Q W  p h a s e  m o d u la t o r .
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T a b l e  6 .1  T r a n s i t io n  e n e r g ie s ,  E tr, a n d  s q u a r e  o f  o v e r l a p p in g  in t e g r a l ,  O V I N T ,  o f  f o u r  
D Q W  s t r u c tu r e s .  T h e y  a r e  A :  Z 4 5 / 1 5 / 4 5 , X 0 .0 / 0 .5 2 / 0 .0 ;  B :  Z 3 0 / 1 5 / 6 0 , 
X O .0 / 0 .5 2 / 0 .0 ; C :  Z 3 0 / 1 5 / 6 0 , X 0 .0 / 0 .5 2 / 0 .0 3 6 ;  D :  Z 3 0 / 1 5 / 6 0 ,
X 0 .0 / 1 .0 / 0 .0 3 6 .
C a s e s F  =  0 F  =  2 0 k V / c m
C l - C l - C 2 - C 2 - C l - C l - C 2 - C 2 -
H H 1 H H 2 H H 1 H H 2 H H 1 H H 2 H H 1 H H 2
A E tr ( e V ) 1 .5 3 8 1 .5 4 0 1 .5 6 6 1 .5 6 8 1 .5 3 2 1 .5 4 4 1 .5 6 2 1 .5 7 4
O V I N T 0 .9 6 3 0 . 0 0 0 0 . 0 0 0 0 .9 7 5 0 .3 4 5 0 .6 1 8 0 .6 2 2 0 .3 5 0
B Etr ( e V ) 1 .5 1 2 1 .5 3 8 1 .6 1 0 1 .6 3 6 1 .5 1 2 1 .5 2 6 1 .6 2 0 1 .6 3 5
O V I N T 0 .9 6 2 0 .0 1 3 0 .0 1 5 0 .9 3 7 0 .9 6 7 0 .0 0 4 0 .0 0 3 0 .9 3 0
C E tr ( e V ) 1 .5 6 7 1 .5 7 5 1 .6 3 0 1 .6 3 9 1 .5 6 4 1 .5 6 8 1 .6 3 7 1 .6 4 1
O V I N T 0 .9 5 7 0 .0 1 8 0 . 0 2 0 0 .9 3 0 0 .1 6 3 0 .8 0 8 0 .7 8 0 0 .1 5 6
D E tr ( e V ) 1 .6 6 1 1 .6 8 7 1 .6 7 0 1 .6 9 5 1 .6 5 5 1 .6 9 3 1 .6 6 4 1 .7 0 2
O V I N T 0 .8 3 4 0 .1 2 6 0 .1 2 4 0 .8 5 4 0 . 1 1 2 0 .8 5 6 0 .8 4 7 0 .1 1 3
T a b l e  6 .2 .  M o d u la t i o n  p r o p e r t i e s  o f  th e  5  D Q W  p h a s e  m o d u la t o r .  T h e  S A W  a p e r tu r e  
is  5 0 p m .
Z o p  ( p m ) Ct]oss
( c m '1)
A (X eff
( c m '1)
n eff
( S A W )
n eff (n o  
S A W )
A n eff
( I O '2)
A (f)
( r a d . )
Pmod
0 .7 5 5 3 6 5 3 2 9 3 .1 2 2 9 8 3 .1 0 9 1 4 1 .3 8 0 5 .7 6 6 .9
0 .7 6 1 3 6 7 0 3 .1 2 6 8 5 3 .1 2 1 6 3 0 .5 2 1 2 .1 5 1 2 . 2
0 .7 6 5 1 0 7 2 6 3 .1 1 3 2 5 3 .1 1 0 3 3 0 .2 9 2 1 . 2 0 1 7 .9
0 .7 7 7 1 13 3 .1 0 3 2 5 3 .1 0 1 3 4 0 .1 9 2 0 .7 8 2 3 .4
0 .7 7 5 5 2 7 .8 3 .0 9 5 2 4 3 .0 9 3 8 5 0 .1 4 0 0 .5 7 2 9 .1
0 .7 8 4 1 5 3 .0 8 8 0 7 3 .0 8 6 9 9 0 .1 0 8 0 .4 3 3 4 .7
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F ig .  6 .1  P o t e n t i a l  p r o f i l e  a n d  w a v e fu n c t i o n s  o f  th e  s y m m e t r ic  s t r u c tu r e  A :  Z 4 5 / 1 5/4 5 , 
X 0 .0 / 0 .5 2 / 0 .0  b o u n d e d  b y  t w o  o u t e r  b a r r ie r s  w i t h  A l  f r a c t io n  o f  0 .5 2  a t  f i e ld  
( a )  F  =  0  a n d  ( b )  F  =  2 0  k V / c m .  P o t e n t i a l  p r o f i l e s  ( s o l i d  l in e ) ,  C l  a n d  H H 1  
w a v e fu n c t i o n s  ( d o t  l i n e )  a n d  C 2  a n d  H H 2  w a v e fu n c t i o n s  (d a s h  l in e ) .
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F i g .  6 .2  E x c i t o n  a b s o r p t io n  s p e c t r a  o f  s t ru c tu r e s :  ( a )  A  a t F  =  0  ( s o l i d  l in e )  a n d  F  =  2 0  
k V / c m  (d o t  l i n e ) a n d  ( b )  D  a t  F  =  0  ( s o l i d  l i n e )  a n d  F  =  2 0  k V / c m  ( d o t  l i n e ) .
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Fig. 6.3 Change of refractive index spectra of the four DQW structures. Structure A 
(solid line), B (dot line), C (dash line), D (dotted dash line).
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Fig. 6.4 Potential profile and wavefunctions of the optimised asymmetric structure D: 
Z30/15/60, X0.0/1.0/0.118 bounded by two outer barriers with Al fraction of 
0.52 at field (a) F = 0, and (b) F = 20 kV/cm. Potential profiles (solid line), 
Cl and HH1 wavefunctions (dot line) and C2 and HH2 wavefunctions (dash 
line).
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Fig. 6.5 Potential profile of the five period DQW structures due to the SAW induced 
potential for Xsaw of 15 pm and SAW power of 3mW. The inserted figure is 
the potential induced by the SAW.
Photon wavelength (pm)
Fig. 6.6 The absorption coefficient a  spectra of the five DQWs in the active region of 
the SAW phase modulator, a  of DQW without SAW effect (solid line), a  of 
the 1st DQW with the SAW effect (dash line), a  of the 3rd DQW with the 
SAW effect (dot line), and a  of the 5th DQW with the SAW effect (dotted- 
dash line).
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Fig. 6.7 The change of refractive index An spectra of the 1st DQWs in the active 
region of the SAW phase modulator.
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C h a p t e r  7  
A l G a A s / G a A s  Q u a n t u m  W e l l  
E l e c t r o o p t i c  P h a s e  M o d u l a t o r  w i t h  
D i s o r d e r  D e l i n e a t e d  O p t i c a l  C o n f i n e m e n t
7.1 In troduction
I I I - V  s e m ic o n d u c t o r  q u a n tu m  w e l l  ( Q W )  e l e c t r o - o p t i c a l  p h a s e  m o d u la t o r s  a r e  
o f  in t e r e s t  f o r  a  r a n g e  o f  a p p l ic a t io n s  in  o p t i c a l  c o m m u n ic a t io n  a n d  s ig n a l  p r o c e s s in g  
d u e  t o  th e ir  la r g e  e l e c t r o - o p t i c  e f f e c t  [7 .1 ,  7 .2 ] .  H o w e v e r ,  m o s t  Q W  p h a s e  m o d u la t o r s  
a r e  d is c r e t e  d e v ic e s  w h ic h  a r e  in t e g r a t e d  w i t h  o t h e r  d e v i c e s  t o  f o r m  p h o t o n ic  
in t e g r a t e d  c ir c u i t s  ( P I C s ) .  Im p u r i t y  in d u c e d  d is o r d e r in g  ( I I D )  is  a  s im p le  t e c h n o l o g y  
th a t  is  a  c a n d id a t e  f o r  th e  d e v e l o p m e n t  o f  P I C s  [7 . 3 ] .  W h e n  im p u r i t ie s ,  s u c h  as  G a
[7 .4 ] ,  A l  [ 7 . 5 ] ,  a n d  O  [ 7 . 6 ] ,  o r  v a c a n c ie s  [7 . 7 ]  a r e  in t r o d u c e d  s e l e c t i v e l y  in to  a  Q W  
s t r u c tu r e ,  s u c h  as  b y  m a s k e d  im p la n ta t io n ,  th e  r a t e  o f  in t e r d i f fu s io n  w h ic h  is  
d e t e r m in e d  b y  th e  a n n e a l in g  t e m p e r a t u r e  a n d  t im e  c a n  b e  a c c e le r a t e d .  I n t e r d i f fu s io n  
o c c u r s  a c r o s s  t h e  w e l l - b a r r i e r  in t e r f a c e  a n d  m o d i f i e s  th e  t r a n s i t io n  e n e r g ie s ,  a n d  th u s  
th e  o p t i c a l  p r o p e r t ie s ,  w h ic h  r e s u lt s  in  a  c h a n g e  o f  r e f r a c t i v e  in d e x  b e t w e e n  th e  a s -  
g r o w n  a n d  in t e r d i f fu s e d  Q W  r e g i o n s  [7 .8 ] .  T h is  p r o c e s s  h a s  b e e n  u s e d  t o  fa b r ic a t e  
o p t i c a l  d e v ic e s ,  s u c h  a s  la s e r s  [7 . 9 ] ,  m o d u la t o r s  [ 7 .1 0 ]  a n d  w a v e g u id e s  [7 .1 1 ]  o n  
s in g l e  s u b s t ra te  a n d  m a k e s  p h o t o n i c  in t e g r a t io n  a  r e a l i t y .
C o n v e n t io n a l  A lG a A s / G a A s  Q W  m o d u la t o r s  u s e  th e  c o m p o s i t i o n  o f  th e  
A l G a A s  c la d d in g  la y e r s  t o  c o n t r o l  t h e  n u m b e r  o f  g u id e d  m o d e s  in  th e  w a v e g u id e  
s e c t io n  o f  th e  m o d u la t o r  [ 7 .1 2 ] .  I n  th is  w o r k  th e  a n n e a l in g  t im e  is  u s e d  t o  c o n t r o l  th e  
e x t e n t  o f  th e  in t e r d i f fu s io n ,  a n d  t h e r e f o r e  t h e  r e f r a c t i v e  in d e x  c h a n g e ,  t o  g o v e r n  th e  
m o d a l  c h a r a c t e r is t ic s  o f  th e  w a v e g u i d e  m o d u la t o r  s tru c tu re .
I n  th is  c h a p t e r ,  w e  m o d e l  a n  e l e c t r o - o p t i c  p h a s e  m o d u la t o r  w i t h  la t e r a l  
c o n f in e m e n t  p r o v id e d  b y  I I D  in  a n  A lo .3G a o .7A s / G a A s  Q W s  a c t i v e  r e g io n .  T h i s  s tu d y
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a d d r e s s e s  th e  e f f e c t s  o f  in t e r d i f fu s io n  o n  th e  m o d u la t o r  p e r f o r m a n c e  a n d  th e  
w a v e g u id e  c h a r a c t e r is t ic s  o f  th e  m o d u la t o r  in  t e r m s  o f  th e  th ic k n e s s  o f  th e  a c t iv e  
r e g io n .  T h e  p h a s e  m o d u la t o r  is  a im e d  as  a  s in g le  m o d e  w a v e g u i d e  d e v i c e  t o  r e d u c e  
d is p e r s io n  a n d  a c h ie v e  g o o d  p e r f o r m a n c e .  T h e  r e s u lts  d e m o n s t r a t e  th e  e f f e c t s  o f  
s t ru c tu ra l  p a r a m e t e r s  o f  th e  d e v i c e  a n d  in t e r d i f fu s io n  c o n d i t io n s  o n  th e  m o d u la t o r  
c h a r a c t e r is t ic s  a n d  s h o w s  h o w  a n  u s e fu l  p h a s e  m o d u la t o r  c a n  b e  d e s ig n e d  u s in g  
i n t e r d i f fu s io n .
7.2 M odelling of the  Phase M odu la to r S tru c tu re
T h e  s t r u c tu r e  o f  th e  p h a s e  m o d u la t o r  s tu d ie d  h e r e  is  s h o w n  s c h e m a t ic a l ly  in  
F i g .  7 .1 .  S t a r t in g  f r o m  th e  n +- G a A s  s u b s t r a te ,  th e  la y e r s  a r e  an  n +- t y p e  A lo .3G a o .7A s  
l o w e r  c la d d in g  la y e r ,  a  n u m b e r  o f  u n d o p e d  q u a n tu m  w e l l s  ( Q W s )  c o n s is t in g  o f  100 A 
A lo .3G ao .7 A s  b a r r ie r s  a n d  100 A G a A s  w e l l s  w h ic h  s e r v e  a s  th e  a c t i v e  r e g i o n  o f  th e  
d e v i c e ,  a n d  p +- t y p e  A lo .3G a o .7A s  u p p e r  c la d d in g  w i t h  m e ta l  c o n t a c t s  o n  th e  G a A s  
s u b s t r a t e  a n d  th e  u p p e r  c la d d in g  la y e r .  I I D  is  u s e d  t o  p r o v id e  th e  la t e r a l  c o n f in e m e n t  
in  th e  a c t i v e  r e g i o n  o f  t h e  m o d u la t o r .
P r im a r i ly ,  w e  h a v e  t o  d e t e r m in e  th e  o p t i c a l  p r o p e r t i e s  in c lu d in g  a b s o ip t io n  
c o e f f i c i e n t  a  u s in g  th e  d e n s i t y  m a t r ix  a p p r o a c h  [7 .1 3 ]  a n d  r e f r a c t i v e  in d e x  n r u s in g  th e  
d ie l e c t r i c  fu n c t io n  a p p r o a c h  [ 7 .1 4 ]  as  s h o w n  in  C h a p t e r  3 . T h e  c a lc u la t e d  r e f r a c t i v e  
in d e x  is  c o m p a r e d  w i t h  th e  e x p e r im e n t a l  v a lu e s  t a k e n  f r o m  [7 .1 5 ]  a s  s h o w n  in  F i g .  7 .2 .  
T h e  r e s u lt  d e m o n s t r a t e s  a  g o o d  a g r e e m e n t  b e t w e e n  th e  m o d e l  a n d  e x p e r im e n t .  In  
o r d e r  t o  in v e s t i g a t e  a n  io n  im p la n t e d  p h a s e  m o d u la t o r ,  a  t w o - d im e n s io n a l  d i f fu s e d  
d e f e c t  p r o f i l e  o f  th e  Q W  a c t i v e  r e g i o n  a n d  th e  c o r r e s p o n d in g  r e f r a c t i v e  in d e x  p r o f i l e  
a r e  m o d e l l e d .  B y  s o l v in g  th e  w a v e  e q u a t io n ,  t h e  o p t i c a l  c o n f in e m e n t  o f  th e  w a v e g u id e  
s t r u c tu r e  is  d e t e r m in e d  f r o m  th e  r e f r a c t i v e  in d e x  p r o f i l e .  T h e  e l e c t r o - o p t i c  a n d  e l e c t r o ­
a b s o r p t io n  p r o p e r t i e s  o f  t h e  Q W  s t r u c tu r e  a r e  th e n  c a lc u la t e d .  S e v e r a l  m o d u la t o r  
p a r a m e t e r s  a r e  d e t e r m in e d  t o  c h a r a c t e r is e  t h e  p e r f o r m a n c e  o f  th e  d e v i c e .  B e s id e s  th e  
b r e a k d o w n  v o l t a g e  c h a r a c t e r is t ic s ,  th e  e f f e c t s  o f  th e  a p p l ie d  v o l t a g e  a c r o s s  th e  p - i - n  
s t ru c tu r e  a r e  d e t e r m in e d  b y  s o l v i n g  th e  P o i s s o n 's  e q u a t io n .
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7.2.1 Disorder Delineated QW Optical Waveguide
L a t e r a l  c o n f in e m e n t  o f  th e  a c t i v e  r e g i o n  is  p r o d u c e d  b y  G a + im p la n ta t io n  in to  
th e  u n m a s k e d  r e g io n s  o f  th e  Q W  s t r u c tu r e  t o  p r o v id e  e n h a n c e d  in t e r d i f fu s io n  a f t e r  
a n n e a l in g .  T h e s e  in t e r d i f fu s e d  im p la n t e d  r e g i o n s  h a v e  a  l o w e r  r e f r a c t i v e  in d e x  th a n  th e  
m a s k e d  u n im p la n t e d  in t e r d i f fu s e d  r e g i o n s  s o  th a t  a  w a v e g u id e  is  f o r m e d  w i t h  th e  l i g h t  
b e in g  c o n f in e d  in  th e  u n im p la n t e d  r e g io n .  S in c e  th e  im p la n t e d  io n  c o n c e n t r a t io n  v a r ie s  
w i t h  d e p th  in  a  c o n t r o l l e d  m a n n e r  [ 7 . 1 6 ] ,  th e  e x t e n t  o f  th e  in t e r d i f fu s io n ,  a n d  th u s  th e  
r e f r a c t i v e  in d e x  d e p th  p r o f i l e ,  v a r i e s  a l o n g  th e  g r o w t h  d i r e c t i o n  o f  t h e  Q W  s tru c tu re .
T h e  t h e o r e t i c a l  m o d e l  o f  d e f e c t  p r o f i l e  a n d  th e  A l/ G a  c o n c e n t r a t io n  p r o f i l e  
a f t e r  in t e r d i f fu s io n  h a v e  b e e n  r e p o r t e d  p r e v i o u s l y  [ 7 .1 7 ] .  F r o m  th e  A l/ G a  
c o n c e n t r a t io n  p r o f i l e ,  th e  c o r r e s p o n d in g  d i f fu s io n  le n g th  ( L d)  is  d e t e r m in e d ,  w h e r e  L d 
is  d e f in e d  as  ( D t ) 1/2 a n d  D  a n d  t  a r e  th e  in t e r d i f fu s io n  c o e f f i c i e n t  a n d  th e  a n n e a l in g  
t im e ,  r e s p e c t i v e ly .  T h e  e f f e c t s  o f  in t e r d i f fu s io n  o n  th e  Q W  s u b b a n d  s t r u c tu r e  h a v e  
b e e n  d is c u s s e d  p r e v i o u s l y  [ 7 .1 8 ]  a n d  a r e  n o t  th e  s u b je c t  o f  th e  w o r k  r e p o r t e d  h e r e .  
U s in g  th e  m o d e l  d is c u s s e d  p r e v i o u s l y  f o r  n r o f  in t e r d i f fu s e d  Q W  ( D F Q W )  s t ru c tu r e s ,  a 
2 - D  r e f r a c t i v e  in d e x  p r o f i l e  n r( x , y )  is  c a lc u la t e d  f o r  d i f f e r e n t  L d’ s. B y  u s in g  th e  
im p r o v e d  F o u r i e r  d e c o m p o s i t i o n  m e t h o d  [ 7 .1 9 ] ,  M a x w e l l 's  e q u a t io n s  a r e  s o l v e d  t o  
d e t e r m in e  th e  w a v e g u id e  c h a r a c t e r is t ic s  o f  th e  p h a s e  m o d u la t o r ,  in c lu d in g  th e  n u m b e r  
o f  g u id e d  m o d e s  a n d  t h e i r  p r o p a g a t i o n  c o n s ta n t s  a n d  th e  e f f e c t i v e  r e f r a c t i v e  in d ic e s .
7.2.2 Electro-optic and Electro-absorption Properties of the Modulator
A n n e a l in g  th e  im p la n t e d  s t r u c tu r e  m o d i f i e s  th e  d e f e c t  p r o f i l e  a n d  r e s u lts  in  a
g r a d e d  L d p r o f i l e  b e t w e e n  th e  w a v e g u id e  c o r e  a n d  c la d d in g  r e g i o n s  o f  th e  Q W  
s t r u c tu r e .  T h e  m e ta l  c o n t a c t s  a r e  d e s ig n e d  t o  c o v e r  th e  g r a d e d  L d r e g io n s ,  i .e .  th e  
a c t i v e  r e g i o n  is  c o m p o s e d  o f  D F Q W s  w i t h  d i f f e r e n t  v a lu e s  o f  L d (d e t a i l s  la t e r ) .  
C o n s e q u e n t ly ,  th e  e l e c t r o - o p t i c  a n d  e l e c t r o - a b s o r p t io n  p r o p e r t i e s  o f  t h e  m o d u la t o r  a r e  
d e t e r m in e d  b y  th e  s u m  o f  D F Q W s  w i t h  d i f f e r e n t  e x t e n t s  o f  in t e r d i f fu s io n .  U n d e r  
r e v e r s e  b ia s ,  t h e  o p t i c a l  p r o p e r t i e s  o f  t h e s e  D F Q W s  c h a n g e  t o  p r o d u c e  th e  m o d u la t io n  
c h a r a c t e r is t ic s .
T h e  a p p l ic a t io n  o f  a n  e x t e r n a l  a p p l ie d  v o l t a g e  t i l t s  th e  Q W s ,  r e d  s h if ts  th e  
t r a n s i t io n  e n e r g ie s  a n d  r e d u c e s  th e  w a v e fu n c t i o n  o v e r l a p  in t e g r a ls  ( i . e .  Q C S E ) .  T h e y  
r e s u lt  in  a  r e d - s h i f t  o f  t h e  e x c i t o n  a b s o r p t io n  p e a k s  a n d  r e d u c e  th e  p e a k  a b s o ip t io n
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v a lu e s ,  a s  s h o w n  in  T E  m o d e  a b s o r p t io n  s p e c t r a  F ig .  7 .3 .  T h e  e f f e c t i v e  a b s o r p t io n  
c o e f f i c i e n t ,  a eff, is  g i v e n  b y  :
J  a  ( x ,  y ) (p  ( x ,  y)cp * ( x ,  y ) d A
the wells withinthe active region „.
«  err=   S  7 > (7 -1 )
J < p ( x , y ) ( p * ( x , y ) d A
the completed guiding field region
w h e r e  c p (x ,y )  is  th e  g u id in g  o p t i c a l  f i e ld ,  d A  is  a  s m a ll  b u t f in i t e  a r e a  n o r m a l  t o  th e  
o p t i c a l  f i e l d  a t ( x , y )  a n d  a ( x , y )  is  th e  a b s o r p t io n  c o e f f i c i e n t  o f  th e  A lo .3G a o .7A s / G a A s  
Q W  s t r u c tu r e ,  s in c e  th e  e x t e n t  o f  th e  in t e r d i f fu s io n  in  th e  Q W  r e g i o n  is  
in h o m o g e n e o u s  th r o u g h o u t  th e  c r o s s  s e c t io n  o f  th e  p h a s e  m o d u la t io n ,  i .e .  th e  
a b s o ip t i o n  is  d e p e n d e n t  o n  b o t h  x  a n d  y .  E q u a t io n  ( 7 . 1 )  s h o w s  th a t  a eff is  d e t e r m in e d  
b y  th e  f r a c t io n  o f  th e  o p t i c a l  f i e l d  in t e n s i t y  (p (x , y )c p * (x , y )  w i t h in  th e  w e l l s  o f  th e  a c t i v e  
r e g io n .  T h e  f i e ld - in d u c e d  c h a n g e  o f  e f f e c t i v e  a b s o ip t io n  c o e f f i c i e n t  (A aeff) in  th e  
d e v i c e  is  c a lc u la t e d  u s in g  :
A a rff =  a »ff  (p  *0 )  -  a eff 0 ) ,  ( 7 . 2 )
w h e r e  th e  a Cf f ( F + 0 )  a n d  a ef f ( F = 0 )  a r e  th e  e f f e c t i v e  a b s o ip t io n  c o e f f i c i e n t s  w i t h  a n d  
w i t h o u t  a n  a p p l i e d  f i e l d  r e s p e c t i v e l y .
T h e  T E  m o d e  r e f r a c t i v e  in d e x  s p e c t r a  o f  th e  Q W  r e g i o n  a n d  th e  c h a n g e  o f  
r e f r a c t i v e  in d e x  d u e  t o  d i f f e r e n t  a p p l i e d  v o l t a g e s  a r e  s h o w n  in  F i g .  7 . 4 ( a )  a n d  ( b )  
r e s p e c t i v e ly .  I n  F i g .  7 . 4 ( a ) ,  th e  r e f r a c t i v e  in d e x  r e a c h e s  a  h e a v y  h o l e  e x c i t o n  p e a k  at 
0 . 8 5 2 p m  a n d  f o l l o w e d  b y  a  m u c h  s m a l le r  a m p l i tu d e  r e s o n a n c e  w h ic h  o c c u r s  a t a  
s l i g h t l y  s h o r t e r  w a v e l e n g t h  a t 0 .8 4 3 p m ,  d u e  t o  th e  l i g h t  h o le .  T h e  w a v e g u id e  e f f e c t i v e  
r e f r a c t i v e  in d ic e s  w i t h  a n d  w i t h o u t  a n  a p p l ie d  f i e l d  a r e  d e t e r m in e d  b y  s o l v in g  
M a x w e l l ’s e q u a t io n s  u s in g  th e  r e f r a c t i v e  in d ic e s  w i t h  th e  c o r r e s p o n d in g  a p p l ie d  f i e l d  
w h ic h  a r e  th e n  u s e d  t o  d e t e r m in e  th e  c h a n g e  o f  th e  e f f e c t i v e  r e f r a c t i v e  in d e x  A n eff.
7.2.3 Modulation Characteristics
T h e  im p o r t a n t  p e r f o r m a n c e  c h a r a c t e r is t ic s  o f  th e  p h a s e  m o d u la t o r  a r e  th e  
p h a s e  c h a n g e  p e r  u n it  m o d u la t io n  le n g th  p e r  u n it  a p p l ie d  v o l t a g e ,  t h e  c h ir p  p a r a m e t e r ,  
th e  o p t i c a l  c o n f in e m e n t  f a c t o r  T ,  th e  a b s o r p t io n  lo s s  a i oss a n d  th e  r e q u i r e d  b ia s  v o l t a g e .
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T h e  m o d u la t io n  e f f i c i e n c y  o f  th e  p h a s e  m o d u la t o r  is  m e a s u r e d  f r o m  th e  p h a s e  
c h a n g e  p e r  u n it  m o d u la t io n  le n g t h  p e r  u n it  a p p l ie d  v o l t a g e ,  w h ic h  is  th e  n o r m a l is e d  
p h a s e  s h i f t ,  A 0 N, a n d  is  g i v e n  b y :
27t A n
A Q N =  ' V f ,  , ( 7 . 3 )
N V ( a p p l i e d ) Z
w h e r e  V ( a p p l i e d )  is  th e  a p p l ie d  v o l t a g e  a n d  Z op is  th e  o p e r a t in g  w a v e le n g t h .  A  h ig h  
m o d u la t io n  e f f i c i e n c y  r e q u i r e s  a  l a r g e  A 0 n-
T h e  s ta t ic  c h ir p  p a r a m e t e r  P „10d is  g i v e n  b y  :
471 A n  ...
(7'4)/V eff
w h e r e  b o t h  A a eff a n d  A n eff a r e  fu n c t io n s  o f  th e  a p p l ie d  v o l t a g e  [ 7 . 2 0 ] .  E q u a t io n  ( 7 . 4 )  
s h o w s  th a t  p mod c a n  b e  c o n s id e r e d  a s  a  m e a s u r e  o f  th e  p h a s e  m o d u la t io n  s t r e n g th  t o  th e  
in t e n s i t y  m o d u la t io n  s t r e n g th  d u e  t o  a n  a p p l ie d  e l e c t r ic  f i e ld .  A  u s e fu l  p h a s e  
m o d u la t o r  r e q u ir e s  th e  c h i r p  p a r a m e t e r  > 1 0  [7 .2 1 ] .
T h e  o p t i c a l  c o n f in e m e n t  f a c t o r T  is  d e t e r m in e d  u s in g
J(p (x,y)q> *(x,y)dA
the depletion region of the waveguide device
1 j* * j (7.5)
J c p (x , y ) c p  ( x , y ) d A
the entire cover range of a guiding field
w h e r e  T  p a r a m e t e r  in d ic a t e s  th e  p o r t i o n  o f  th e  o p t i c a l  p o w e r  w h ic h  o v e r la p s  th e  
d e p le t io n  r e g i o n  o f  th e  p - i - n  s t r u c tu r e ,  w h ic h  c o n s is t s  o f  a  Q W  a c t i v e  r e g i o n  a n d  p a r t  
o f  th e  t w o  ( t o p  a n d  b o t t o m )  c la d d in g  la y e r s ,  w i th in  th e  e n t i r e  d e v i c e  s tru c tu re .  
T h e r e f o r e ,  a n  e f f i c i e n t  m o d u la t o r  r e q u ir e s  a  la r g e  v a lu e  o f  T. M o r e o v e r ,  a  g o o d  p h a s e  
m o d u la t o r  r e q u ir e s  l o w  a ]oss, w h e r e  a i oss is  d e f in e d  as  a eff f o r  F  =  0 . T h e  e l e c t r i c a l  b ia s  
r e q u i r e d  f o r  m o d u la t io n  is  a ls o  a  c r u c ia l  p a r a m e t e r  w h ic h  in d ic a t e s  th e  p o w e r  
c o n s u m p t io n  o f  th e  d e v i c e ,  w h ic h  is  d u e  t o  p o w e r  d is s ip a t io n  in  t h e  l o a d  r e s is t a n c e  o f  
th e  d r i v e  c i r c u i t .
7.2.4 The p-i-n Junction Depletion Region
T h e  p h a s e  m o d u la t o r  u s e s  a  r e v e r s e  b ia s  p - i - n  s t r u c tu r e  t o  d e p le t e  th e  a c t i v e  
r e g i o n  o f  f r e e  e a r n e r s .  T h e  e l e c t r i c  f i e l d  d is t r ib u t io n  in  t h e  s t r u c tu r e  is  s h o w n  in  F ig .
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7 .5 .  T h e  e l e c t r i c  f i e l d  a n d  p o t e n t ia l  o f  th e  p - i - n  s t r u c tu r e  a r e  d e t e r m in e d  b y  s o l v in g  th e  
P o i s s o n ’ s e q u a t io n  in  o n e  d im e n s io n  w i t h  a p p r o p r ia t e  b o u n d a r y  c o n d i t i o n s  [7 .2 2 ] :
- V 2©  =  p /s , ( 7 . 6 )
w h e r e  ©  is  p o t e n t ia l ,  p  is  c h a r g e  d e n s i t y  a n d  s  d ie l e c t r i c  c o n s ta n t .  S in c e  th e  d ie l e c t r i c  
c o n s ta n t s  a r e  d i f f e r e n t  in  e a c h  la y e r  o f  th e  h e t e r o ju n c t io n  s t ru c tu r e ,  th e  d e r i v a t io n  o f  
th e  r e l e v a n t  q u a n t it ie s  is  r a th e r  c o m p le x .  T h e  p o t e n t ia l  d i f f e r e n c e  ( V )  a c r o s s  th e  
d e p le t i o n  w id t h  is  g i v e n  b y  V  =  © ( - x n)  -  © ( x p)  a n d , b y  u s in g  ( 7 . 6 ) ,  © ( - x n)  a n d  @ ( x p)  
c a n  b e  e x p r e s s e d  in  t e r m s  o f  t h e  d e p le t io n  la y e r  th ic k n e s s  a n d  th e  c a r r ie r  d e n s i t y  o f  th e  
p - i - n  s t ru c tu r e .  T h e  in t e g r a t e d  f o r m  o f  e q u a t io n  ( 7 . 6 )  is  e x p r e s s e d  as  a  q u a d r a t ic  
e q u a t io n  f o r  th e  d e p l e t i o n  l a y e r  w id t h  x,n a n d  th u s  th e  s o lu t io n  f o r  x m c a n  b e  w r i t t e n  as :
-Q„±VQJ-4Q.(Q«-v/q)
xm=x„+xp=-------- ^ --------- . (7-7)
Chapter 7
w h e r e
N na 2 N  c
Q  = — -—  +  — - —  q  =  b
2 e „  2 e ,
f N  a N pc 1 h2 f N N  1n — *•+ __ P_
 ^2 £  " 2 e  p J l £ « e J
a =  d ,
' N . a  N „ c j  N „  d , ( N p + N , )
, a =  — — ~r— , b =  A  , c  =  1 -  a =
N .
N  + N  N  + N  N  +  N ,p J n p  n p  x 1 n p
w h e r e  £ is  th e  d ie l e c t r i c  c o n s ta n t ,  N  is  th e  d o p a n t  c o n c e n t r a t io n  a n d  th e  s u b s c r ip ts  p ,  i  
a n d  n  r e f e r  t o  th e  r e l e v a n t  la y e r s  o f  th e  p - i - n  s t ru c tu r e ,  r e s p e c t i v e l y ;  d , is  th e  th ic k n e s s  
o f  th e  a c t i v e  r e g i o n  a n d  q  is  a n  e l e c t r o n i c  c h a r g e .  T h e  a v e r a g e  e l e c t r i c  f i e ld ,  E ,  in  th e  
d e p le t i o n  r e g i o n  is  o b t a in e d  u s in g  E  =  V / x m, w h e r e  V  =  V ( b u i l t - i n )  -  V ( a p p l i e d ) ;  a n d  
V (b u i l t - i n )  is  c a lc u la t e d  f o r  z e r o  b ia s  v o l t a g e .  T h e  a p p l ie d  v o l t a g e ,  V ( a p p l i e d ) ,  
e q u i v a l e n t  t o  th e  e l e c t r i c  f i e l d  in  th e  d e p l e t i o n  l a y e r  is  th e n  c a lc u la t e d .
7.2.5 Breakdown Voltage
J u n c t io n  b r e a k d o w n  is  m o d e l l e d  h e r e  b y  a v a la n c h e  m u l t ip l i c a t io n  [7 .2 3 ] .  T h e  
m u l t ip l i c a t io n  f a c t o r  is  d e r i v e d  f r o m  [7 .2 4 ]  t o  d e p ic t  th e  e l e c t r i c  f i e l d  in d u c e d  in c r e a s e  
in  h o le  c u r r e n t .  T h e  a v a la n c h e  b r e a k d o w n  v o l t a g e  is  d e f in e d  as  th e  v o l t a g e  w h e n  th e  
m u lt ip l i c a t io n  f a c t o r  a p p r o a c h e s  in f in i t y ,  w h ic h  c a u s e s  th e  io n is a t io n  in t e g r a l  t o  
b e c o m e  u n i t y  a n d  b r e a k d o w n  is  r e a c h e d  a n d  o b t a in e d  b y :
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Am *
J ^ b ^ p  - J ( g h- ? , ) d x ’ dx = 1 ( 7 . 8 )
w h e r e  a n d  g e a r e  t h e  io n is a t io n  r a te s  f o r  h o le s  a n d  e le c t r o n s  r e s p e c t i v e l y  a n d  x  is  th e  
Q W  g r o w t h  d i r e c t io n .
7.3 Results and  Discussions
T h e  a c t i v e  r e g i o n  o f  th e  m o d u la t o r  c o n s is t s  o f  u n d o p e d  m u lt ip le  p e r io d s  o f  
1 0 0 A  A lo .3 G a o .7A s  b a r r ie r s  a n d  1 0 0 A  t h ic k  G a A s  w e l l s .  T h e  t w o  s t ru c tu r e s  s tu d ie d  
h e r e  c o m p r is e  0 .5  p m  a n d  1 .0  p m  th ic k  Q W  r e g io n s  w h ic h  c o n t a in  2 5  a n d  5 0  Q W  
p e r io d s ,  r e s p e c t i v e ly .  T h e  e f f e c t s  o f  t h e  im p la n t e d  im p u r i t ie s  a n d  th e  d e f e c t  o n  th e  
c o n f in e m e n t  o f  th e  o p t i c a l  f i e l d  in  th e s e  t w o  s t ru c tu r e s  a r e  s tu d ie d .  T h e  im p la n ta t io n  
p a r a m e t e r s ,  in c lu d in g  th e  p r o j e c t e d  io n  r a n g e  a n d  s ta n d a rd  d e v ia t i o n  a n d  th e  la t e r a l  
s p r e a d  o f  th e  im p la n t e d  io n s  a r o u n d  th e  m a s k  f o r  d i f f e r e n t  im p la n t  e n e r g ie s  a r e  ta k e n  
f r o m  r e f .  [7 .2 5 ]  a n d  th e  A l  a n d  G a  in t e r d i f f u s i o n  c o e f f i c i e n t s  a r e  ta k e n  f r o m  r e f .  [ 7 .2 6 ] .
T h e  t o p  a n d  b o t t o m  h ig h ly  d o p e d  p  a n d  n  A lo .3G a o .7A s  c la d d in g  la y e r s ,  w h ic h  
h a v e  a  d o p a n t  c o n c e n t r a t io n  o f  1 0 18c m '3, a r e  u s e d  t o  f o r m  a  p - i - n  s t ru c tu r e ,  
r e s p e c t i v e l y ,  o n  an  n +- G a A s  s u b s t r a te ,  w h e r e  th e  c a r r ie r  c o n c e n t r a t io n  o f  th e  in t r in s ic  
r e g i o n  is  1 0 1 5c m '3. I t  is  a s s u m e d  th a t  t h e  im p la n ta t io n  in d u c e d  I I D  p r o c e s s  h a s  n o  
e f f e c t s  t o  th e  e l e c t r i c a l  p r o p e r t i e s  o f  th e  c la d d in g  la y e r s .  T h e  o p e r a t in g  w a v e l e n g t h  o f  
th is  m o d u la t o r  is  l o n g e r  th a n  th e  b a n d g a p  w a v e l e n g t h  o f  th e  A lo .3G a o .7A s  c la d d in g  
la y e r s  a n d  b a r r ie r s  o f  Q W s .  C o n s e q u e n t ly ,  o n l y  th a t  p a r t  o f  th e  p r o p a g a t in g  o p t i c a l  
w a v e  th a t  in t e r a c t s  w i t h  th e  w e l l s  o f  Q W s  w i l l  b e  a b s o r b e d  a n d  a  s t r o n g  o p t i c a l  
c o n f in e m e n t  is  r e q u i r e d  t o  m a x im is e  th is  in t e r a c t io n  a n d  in c r e a s e  A 9 N o f  th e  m o d u la t o r .  
U n d e r  a  r e v e r s e  b ia s ,  t h e  Q W s  a r e  c o m p l e t e l y  d e p le t e d  a n d  th e  m o d u la t io n  o f  th e  
o p t i c a l  b e a m  in  th e  d e p le t i o n  r e g i o n  is  a s s u m e d  t o  b e  d u e  t o  Q C S E .  I t  is  c o n s id e r e d  
th a t  i f  t h e  in t e n s i t y  o f  t h e  o p t i c a l  l i g h t  s o u r c e  is  w e a k ,  i .e .  <  2 5  p W  [7 . 2 7 ] ,  w i t h  a  l o w  
e a r n e r  c o n c e n t r a t io n  in  th e  in t r in s ic  r e g i o n  ( 1 0 15c m '3) ,  th e  c a r r i e r  e f f e c t  t o  th e  b o u n d  
s ta t e  a b s o ip t i o n  a n d  e x c i t o n  s ta t e  a b s o r p t io n  a r e  v e r y  s m a ll ,  as  r e p o r t e d  in  r e fs .  [ 7 .2 8 ]  
a n d  [7 . 2 9 ] ,  r e s p e c t i v e l y ,  a n d  th u s  c a n  b e  n e g le c t e d .  T h e  p e r f o r m a n c e  o f  t h e  m o d u la t o r  
f o r  a p p l i e d  f i e l d s  ( F )  o f  5 0  k V / c m  a n d  1 0 0  k V / c m  a r e  r e p o r t e d  h e r e .
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7.3.1 Operating Wavelength
T h e  s e le c t io n  o f  Z op is  im p o r t a n t  f o r  h ig h  m o d u la t io n  p e r f o r m a n c e ,  in c lu d in g  a  
la r g e  A 0 N, a  la r g e  (3moci, i .e .  a  h ig h  r e f r a c t i v e  in d e x  c h a n g e  t o g e t h e r  w i t h  a  l o w  
a b s o r p t io n  c h a n g e  f o r  a n  u s e fu l  p h a s e  m o d u la t o r  w i t h  a  l o w  a p p l i e d  v o l t a g e  a n d  a  l o w  
aioss- H o w e v e r ,  t h e r e  is  a  t r a d e - o f f  b e t w e e n  th e s e  v a r io u s  p a r a m e t e r s .  F o r  e x a m p le ,  a  
A n  as  h ig h  as  0 .1 2  c a n  b e  o b t a in e d  f o r  an  a p p l ie d  f i e ld  o f  5 0  k V / c m  a t Z op o f  0 .8 5 4  p m ,  
s e e  o f  F i g .  7 . 4 ( b ) ,  a l t h o u g h ,  a i oss is  v e r y  h ig h ,  > 7 2 0 0  c m "1. T h e r e  is  a t r a d e - o f f  
b e t w e e n  h ig h  r e f r a c t i v e  in d e x  c h a n g e  a n d  h ig h  a b s o r p t io n  lo s s .  A t  th is  Z op, A a eff is  a ls o  
t o o  h ig h  (5 6 0 0  c m '1)  a n d  th u s , f r o m  e q u a t io n  (7 . 4 ) ,  (3mod is  v e r y  s m a ll  a n d  b e l o w  1 
( « 1 0 ) .  A s  a  c o n s e q u e n c e ,  t h e  p h a s e  m o d u la t o r  is  n o t  s u ita b le  f o r  o p e r a t io n  a t th is  
p h o t o n  w a v e le n g t h .  O n  th e  o t h e r  h a n d , l o w  a i oss ( < 5 0 0  c m '1)  c a n  b e  o b t a in e d  a t 
w a v e l e n g t h s  f a r  e n o u g h  a w a y  f r o m  th e  u n b ia s e d  e x c i t o n  a b s o r p t io n  p e a k ,  i . e .  a b o v e  
0 .8 6  p m .  W h e n  Z op in c r e a s e s ,  b o t h  a i oss a n d  A n  r e d u c e s ,  s e e  F i g .  7 .3  a n d  7 .4 ( b )  
r e s p e c t i v e ly .  C o n s e q u e n t ly ,  0 .8 6 8  p m  >  Z op >  0 .8 6  p m  a n d  0 .8 7 8  p m  >  Z op >  0 .8 7  p m  
s h o u ld  b e  u s e d  f o r  F =  5 0 k V / c m  a n d  F  =  lO O k V / c m  r e s p e c t i v e l y ,  t o  a c h ie v e  A 0 N >  0 .5 9  
r a d / V m m  o f  th e  e x is t in g  d e v i c e  [ 7 . 2 3 ] ,  f o r  w h ic h  a c c e p t a b le  v a lu e s  o f  a i oss ( < 5 0 0  c m '1)  
c a n  b e  o b t a in e d .
7.3.2 Defect Distribution Versus Mode Field
T h e  r e f r a c t i v e  in d e x  p r o f i l e s  a r e  o b t a in e d  f o r  a  d e s ig n e d  v a lu e  o f  Z op t o  e n s u r e  a  
s in g le  m o d e  o p e r a t io n .  T h e  t r a n s v e r s e  r e f r a c t i v e  in d e x  p r o f i l e s  o f  th e  w a v e g u id e  
s t r u c tu r e  a r e  in h o m o g e n e o u s  a n d  a r e  h ig h ly  d e p e n d e n t  o n  th e  d e f e c t  c o n c e n t r a t io n ,  th e  
im p la n t e d  io n  e n e r g y ,  th e  a n n e a l in g  t e m p e r a tu r e  a n d  t im e .  T h e  r e f r a c t i v e  in d e x  p r o f i l e  
o f  h a l f  o f  th e  t r a n s v e r s e  d e v i c e  s t r u c tu r e  f o r  X op o f  0 . 8 6 3 p m  is  s h o w n  in  F i g .  7 .6 .  
S in c e  th e  c o n c e n t r a t io n  o f  d e f e c t  p e a k s  a t  a  d e p th  o f  0 .5 p m ,  th e  r e f r a c t i v e  in d e x  o f  th e  
la t e r a l  c la d d in g  r e g i o n  is  a  m in im u m  a t s u c h  a  d e p th .  H o w e v e r ,  th e  a c t i v e  r e g i o n  o f  
t h e  d e v i c e ,  w h ic h  is  p r o t e c t e d  b y  th e  m a s k ,  p r o v id e s  a  r e l a t i v e l y  u n i f o r m  r e f r a c t i v e  
i n d e x  p r o f i l e  f o r  p h a s e  m o d u la t io n .  M o r e o v e r ,  i t  c a n  b e  o b s e r v e d  th a t  th e  r e f r a c t i v e  
in d e x  o f  th e  in t e r f a c e  b e t w e e n  th e  la t e r a l  c la d d in g s  a n d  a c t i v e  r e g i o n  f r o m  1 .5  p m  t o  
2 .0 p m  s t r ip e  w id t h  is  g r a d e d  r a th e r  th a n  a n  a b r u p t  in t e r f a c e .
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T h e  io n  d o s e  m o d e l l e d  h e r e  is  2 . 5 x l 0 13 io n / c m 2 s o  th a t  th e  la t t ic e  d a m a g e  
l e v e ls  a r e  m in im is e d  t o  r e d u c e  th e  d a m a g e  in d u c e d  w a v e g u id e  lo s s  a n d  t o  r e ta in  th e  
e l e c t r o - o p t i c a l  p r o p e r t i e s  o f  th e  m a te r ia l .  T h e  im p la n t e d  io n  e n e r g y  is  o p t im is e d  t o  
a c h ie v e  m a x im u m  o p t i c a l  c o n f in e m e n t .  T h e  o p t im is e d  c o n d i t i o n s  a n d  m o d e  f i e l d  f o r  
th e  0 .5  p m  Q W  s tr u c tu r e  a r e  a n  io n  e n e r g y  o f  6 5 0  K e V  a n d  a n  F  >  0 .7 5 .  F ig .  7 .7  
s h o w s  th a t  th e  p e a k  o f  th e  m o d e  f i e l d  c o in c id e s  w i t h  th e  p e a k  o f  t h e  d e f e c t  p r o f i l e  a t 
th e  c e n t r e  o f  th e  Q W  g u id in g  la y e r .
7.3.3 Single Mode Operation
T h e  r e s u lts  s h o w  th a t  u s in g  th e  s e l e c t e d  io n  e n e r g y  a n d  d o s e ,  a  r a n g e  o f  
r e f r a c t i v e  in d e x  p r o f i l e s  c a n  p r o d u c e  s in g le  m o d e  m o d u la t io n  a t t h e  s e l e c t e d  o p e r a t io n  
w a v e le n g t h s .  T h is  is  b e s t  i l lu s t r a t e d  b y  p l o t t in g  th e  n o r m a l is e d  p r o p a g a t i o n  c o n s ta n t  as  
a  fu n c t io n  o f  a n n e a l in g  t im e ,  s e e  F i g .  7 ,8 ,  f o r  0 .5  p m  s t r u c tu r e s  a n d  Xop =  0 .8 6 3  p m ,  
w h ic h  s h o w s  th e  v a r ia t io n  o f  th e  g u id in g  p r o p e r t ie s  o f  th e  Q W  w a v e g u id e ,  in  t e r m s  o f  
th e  n o r m a l is e d  p r o p a g a t i o n  c o n s ta n t ,  f o r  d i f f e r e n t  a n n e a l in g  t im e s .  T h e  m o d e  c u t o f f  
in t e r v a ls  S M F 0  a n d  S M F 5 0  c o r r e s p o n d  t o  th e  r a n g e s  in  w h ic h  o n l y  S in g le  M o d e  
w a v e g u id e s  a r e  f o r m e d  f o r  a p p l i e d  e l e c t r i c  F i e ld s  o f  0  a n d  5 0  k V / c m ,  r e s p e c t i v e l y .
T h e  a p p l ie d  e l e c t r i c  f i e l d  m o d i f i e s  th e  r e f r a c t i v e  in d e x  p r o f i l e  a n d  th u s  th e  
n o r m a l is e d  p r o p a g a t i o n  c o n s t a n t  o f  th e  g u id e d  m o d e ,  as  s h o w n  in  F i g .  7 .8 .  In  th e  c a s e  
o f  th e  0 .5  p m  a c t i v e  r e g i o n ,  X op =  0 .8 6 3  p m  a n d  a p p l ie d  f i e l d  F  =  0 , th e  in t e r v a l  
( S M F 0 )  c o v e r s  th e  a n n e a l in g  t im e  f r o m  4 2 s  t o  6 2 .5 s .  H o w e v e r ,  w h e n  th e  a p p l ie d  f i e ld  
is  in c r e a s e d  t o  5 0  k V / c m ,  th e  in t e r v a l  ( S M F 5 0 )  s h if ts  t o  l o n g e r  a n n e a l in g  t im e s  w h ic h  
r a n g e  f r o m  5 2 s  t o  7 4 .5 s ,  o u t s id e  w h ic h  th e  w a v e g u id e  w i l l  c h a n g e  f r o m  a  s in g le  m o d e  
t o  m u l t im o d e  d e v i c e  a t A.op =  0 .8 6 3  p m .  T o  m a in ta in  s in g le  m o d e  o p e r a t io n ,  o n l y  th e  
o v e r l a p p in g  r e g i o n  b e t w e e n  th e  t w o  m o d e  c u t o f f  in t e r v a ls  o f  t h e  t w o  s e l e c t e d  a p p l ie d  
f i e ld s  s h o u ld  b e  u s e d .  F o r  in s ta n c e ,  f o r  an  o p e r a t io n  w i t h  F  =  0  a n d  F  =  5 0  k V / c m  in  
th e  c a s e  o f  F i g .  7 .8 ,  t h e  o v e r l a p p in g  r e g i o n  b e t w e e n  S M F 0  a n d  S M F 5 0 ,  i .e .  a n n e a l in g  
t im e  b e t w e e n  5 2 s  t o  6 4 s ,  s h o u ld  b e  u s e d  f o r  a  s in g le  m o d e  p h a s e  m o d u la t o r .  H e r e ,  th e  
a n n e a l in g  t im e  a t  th e  m id - p o in t  o f  t h e  o v e r l a p p in g  r e g i o n  is  u s e d  f o r  th e  d e s ig n  o f  th e  
io n - im p la n t e d  p h a s e  m o d u la t o r .  B y  p l o t t in g  a  s im ila r  d ia g r a m  f o r  th e  s a m e  0 .5  p m  
Q W  s t r u c tu r e ,  a  s in g le  m o d e  o p e r a t io n  o f  th e  p h a s e  m o d u la t o r  c a n  a ls o  b e  o b t a in e d  a t
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Z op =  0 . 8 7 3 p m  w i t h  F  =  0  a n d  1 0 0  k V / c m  w h i l e  th e  1 p m  Q W  s t r u c tu r e  c a n  o n ly  
o p e r a t e  w i t h  0  a n d  5 0  k V / c m  f o r  s in g l e  m o d e  o p e r a t io n  a t Z op =  0 .8 6 3  p m .
7.3.4 Metal Contact Width
T h e  w id t h  o f  th e  m e ta l  c o n t a c t  in f lu e n c e s  th e  r e f r a c t i v e  in d e x  c h a n g e  in  
D F Q W s  u n d e r  th e  t w o  b ia s e s  (5 0  k V / c m  a n d  1 0 0  k V / c m ) .  S in c e  th e  w id t h  o f  th e  
m e ta l  c o n t a c t  is  a  f e w  m ic r o n s  a n d  th e  d e p th  o f  th e  a c t i v e  r e g i o n  is  <  1  p m ,  th e  e l e c t r i c  
f i e l d  in  th e  Q W  r e g i o n  is  u n i f o r m  a n d  f r in g in g  f i e ld s  h a v e  b e e n  n e g le c t e d .  W h e n  L d >  
8 n m , th e  r e f r a c t i v e  in d e x  o f  th e  D F Q W s  r e m a in s  a p p r o x im a t e ly  c o n s ta n t  f o r  a p p l ie d  
f i e ld s  F  =  5 0  a n d  lO O k V / c m , s e e  F i g .  7 .9 .  T h e  m a in  r e a s o n  is  th a t  w h e n  L d in c r e a s e s ,  
t h e  t r a n s it io n  e n e r g y  o f  th e  Q W  s t r u c tu r e  in c r e a s e s  [ 7 . 2 2 ] ,  t h e  D F Q W  e x c i t o n  
a b s o ip t i o n  p e a k s  a r e  b lu e  s h i f t e d  a w a y  f r o m  th e  s e l e c t e d  Z op o f  0 .8 6 3 p m  f o r  F  
= 5 0 k V / c m  a n d  0 .8 7 3 p m  f o r  F  = 1 0 0 k V / c m ,  i . e .  th e  e x c i t o n  e f f e c t  b e c o m e s  v e r y  s m a l l  
a t  th e s e  t w o  Z op. A s  s h o w n  in  F i g .  7 .9 ,  f o r  th e  t w o  s e le c t e d  Z op, t h e  r e f r a c t i v e  in d e x  
c h a n g e  d u e  t o  e x c i t o n  r e d u c e s  w i t h  L d. C o n s e q u e n t ly ,  w h e n  th e  lO O A / lO O A  
A lo .3 G a o .7A s / G a A s  Q W  s t r u c tu r e  is  d i f fu s e d  w i t h  L d >  8 n m , th e  r e f r a c t i v e  in d e x  c h a n g e  
a t  b o t h  Z op o f  0 .8 6 3  p m  a n d  0 . 8 7 3 p m  a r e  t o o  s m a l l  t o  b e  c o n s id e r e d .
T o  d e v e l o p  a  h ig h  p e r f o r m a n c e  p h a s e  m o d u la t o r ,  th e  w id t h  o f  th e  m e ta l  
c o n t a c t  n e e d s  t o  b e  s u f f i c i e n t l y  la r g e  t o  c o v e r  th e  g r a d e d  w a v e g u id e / c la d d in g  in t e r fa c e  
w h ic h  is  g r e a t e r  th a n  th e  w id t h  o f  th e  w a v e g u id e  m a s k  a f t e r  in t e r d i f fu s io n ,  f o r  L d <  
8 n m , o t h e r w is e  a  s h a ip  ju m p  o f  t h e  r e f r a c t i v e  in d e x  u n d e r  a n  a p p l i e d  f i e ld  w i l l  b e  
o b t a in e d  b e l o w  th e  m e ta l  c o n t a c t  e d g e ,  s e e  F i g .  7 .1 0 .  T h e  w id t h  o f  th e  m e ta l  c o n t a c t  
h e r e  is  t h e  s a m e  as  th a t  o f  t h e  w a v e g u i d e  m a s k .  W h e n  a n  a p p l ie d  f i e l d  o f  5 0 k V / c m  is  
u s e d ,  t h e  r e f r a c t i v e  in d e x  o f  th e  a c t i v e  r e g i o n  in c r e a s e s  w h ic h  r e s u lt s  in  an  a b ru p t  
c h a n g e  o f  r e f r a c t i v e  in d e x  a t t h e  e d g e  o f  th e  m e ta l  c o n t a c t .  T h i s  a b r u p t  c h a n g e  c a u s e s  
a  d is c o n t in u i t y  in  th e  o p t i c a l  f i e l d  p r o p a g a t i o n  c o n s ta n t  a n d  r e d u c e s  th e  m o d u la t io n  
p r o p e r t ie s .  T h e  r e f r a c t i v e  in d e x  o f  t h e  D F Q W  w i t h  L d <  8  n m  w i l l  c h a n g e ,  d u e  t o  
a p p l ie d  f i e ld ,  a t  th e  s e l e c t e d  o p e r a t i o n  w a v e le n g t h s ,  s e e  F i g .  7 .9 .  H e n c e ,  th e  m e ta l  
c o n t a c t  s h o u ld  e x t e n d  a t le a s t  t o  c o v e r  t h e  D F Q W  w i t h  L d <  8  n m  t o  a v o id  th e  a b ru p t  
r e f r a c t i v e  in d e x  c h a n g e  a n d  th u s  th e  d is c o n t in u i t y  o f  o p t i c a l  f i e ld .  A s  a  c o n s e q u e n c e ,  a
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metal contact width of 4 jam, which is slightly larger than the waveguide mask width (3 
jam), is used here.
7.3.5 Modulation Performance
Several parameters are used to characterise the performance characteristics of 
the modulator, see Table 7.1. A large phase change with A0N greater than 7t/2~1.57 
rad/Vmm can be obtained at the selected Xop’s of 0.863pm and 0.873pm for F = 
50kV/cm and lOOkV/cm, respectively, in the 0.5pm structure and 0.863pm for F = 
50kV/cm in the 1pm structure. Their aioss values are also < 500cm"1. For the 0.5pm 
active region, this value reduces to 111.6cm'1 when the applied field increases to 
lOOkV/cm because the Xop can be further away from the unbiased HH exciton peaks, as 
compared to that for F = 50kV/cm.
For the 1pm QW active region, the total phase modulation for 50 kV/cm is 
18.1 rad/mm, which is larger than that for the 0.5 pm QW active region (16.4 rad/mm) 
and it is due to the greater optical confinement in the 1.0 pm QW active region, where 
twice the number of QWs contributes to the modulation mechanism. However, the 
operation of the 1.0 pm QW structure requires approximately twice the applied 
voltage as compared to that of 0.5 pm QW structure. This makes the A0N of the 1.0 
pm QW structure weaker than that of 0.5 pm QW structure, i.e. the 0.5 pm QW 
structure provides a more efficient modulation.
In both structures, (3m0d is low with values of 3.1 and 3.8 for A,op of 0.863pm 
and 0.873pm respectively. In order to increase pmod a longer wavelength is used, such 
as for F = 50kV/cm when Xop is increased to 0.867pm and (3mod increases to -  5.5. This 
improvement of pmod is mainly due to the reduction of Aaeff, as shown in Table 7.1, but 
the penalty is a reduction of A0N. This case clearly shows the trade-off between A0N 
and Aaeff. A larger pmod can be obtained using F = lOOkV/cm when Xop increases from 
0.873pm to 0.877pm where pm0d increases to 11.6. The A0N here is 0.6-34.4° 
rad/Vmm and this phase change is compatible with the exiting device [7.23].
For a DC offset used in the phase modulator, larger phase changes may be 
obtained [7.30], although the breakdown voltage of the structure determines the
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maximum operating voltage of the device. The breakdown voltage for the 0.5 pm and 
1 pm devices are 25 V and 37 V respectively, see Fig. 7.11.
7.4 Sum m ary
Two waveguide type phase modulators with 0.5 pm and 1 pm QW active 
regions using masked ion implantation to produce lateral confinement have been 
investigated theoretically. These devices are designed for single mode operation at a 
wavelength of 0.867 pm for an applied field of 50 kV/cm and 0.877 pm for 100 
kV/cm, where interdiffusion can be used to tune the propagating modes of the device. 
The metal contact width is made deliberately larger than the waveguide width to avoid 
the discontinuity of refractive index profile at the lateral cladding/core interface. The 
design of a single mode phase modulator with a strong optical confinement requires the 
peak defect concentration to be at the centre of the guiding layer. Moreover, the 
annealing time is selected to be within the range required to achieve single mode 
operation for the two applied field values. Low impurity concentrations are also 
required to minimise lattice damage and retain the electro-optical properties of the 
material.
Comparing the modulation properties of 0.5 pm and 1 pm QW structures, the
I.0pm structure can provide higher optical confinement and larger total phase change 
per unit length. The 0.5 pm structure can operate with either 0 and 50 kV/cm or with 
0 and 100 kV/cm. The more important comparison is A0N of the two structures. The 
0.5pm structure can provide more efficient modulation since its value of A0N is 
approximately twice that of the 1.0 pm structure. pmod and aioss of the 0.5 pm structure 
can be further increased and reduced respectively, by increasing the applied field from 
50 to 100 kV/cm since the longer XQp can be used. It is important to note that a pnlod of
II.6, which is obtained for a field of 100 kV/cm, is large enough for a good phase 
modulator. The results are a guideline for the development of an optical phase 
modulator using lateral confinement provided by impurity induced disordering, which 
is also useful when these devices are used in PICs.
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Table 7.1 Modulation properties of the two cavity structures .
QWs thickness (pm) 0.5 1.0
o^p (pm) 0.863 0.867 0.873 0.877 0.863 0.867
bias field (kV/cm) 50 50 100 100 50 50
bias voltage (V) 2.54 2.54 5.06 5.06 5.04 5.04
depletion width (pm) 0.507 0.507 0.512 0.512 1.06 1.06
r 0.80 0.79 0.78 0.77 0.86 0.87
Aneff (xlO'3) 2.26 0.31 2.03 0.42 2.48 0.35
A0n (rad/Vmm) 6.48 0.89 2.88 0.60 3.58 0.50
aioss (cm'1) 302.7 174.6 1 1 1 .6 85.2 332.3 195.6
Aaeff (cm"1) 107.6 8.1 76 5.2 117.3 9.0
Pmod 3.1 5.5 3.8 1 1 .6 3.1 5.6
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Fig. 7.1 The cross-section of the waveguide type phase modulator, where the 
guiding region contains square QWs after interdiffusion.
W a v e le n g th  ( p m )
Fig. 7.2 Comparison of calculated TE and TM polarisation refractive index spectra 
to experimental results of Alo.2eGao.74As/GaAs quantum well with well width 
of 80A. The experimental refractive indices taken from ref. [7.15] are 
denoted by a filled square (TE) and a filled circle (TM).
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l in e ) .
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F ig .  7 .4  ( a )  U n b ia s e d  r e f r a c t i v e  in d e x  s p e c t r a  o f  100 A/100 A A lo .3G a o .7A s / G a A s
Q W  s tr u c tu r e ,  ( b )  C h a n g e  o f  r e f r a c t i v e  in d e x  s p e c t r a  f o r  a p p l ie d  f i e ld s  o f  
5 0 k V / c m  ( s o l i d  l i n e )  a n d  lO O lc V / c m  (d a s h  l in e ) .
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electric field (kV/cm )
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F i g .  7 .5  T h e  e l e c t r i c  f i e l d  p r o f i l e  o f  th e  p - i - n  p h a s e  m o d u la t o r .
Fig. 7.6 The refractive index profile of the phase modulator.
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Depth (pm)
F i g .  7 .7  T h e  d e f e c t  p r o f i l e  a n d  m o d e  f i e l d  p r o f i l e  o f  th e  p h a s e  m o d u la t o r .
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F ig .  7 .8  T h e  v a r ia t io n  o f  th e  n o r m a l is e d  p r o p a g a t io n  c o n s ta n t  w i t h  a n n e a l in g  t im e ,  
s h o w in g  th e  s in g le  m o d e  r a n g e  o f  o p e r a t io n  f o r  v a r io u s  a p p l ie d  f i e ld  v a lu e s .  
T h e  in t e r v a ls  S M F O  a n d  S M F 5 0  c o r r e s p o n d s  th e  r a n g e s  in  w h ic h  th e  
b e h a v e s  a s  a  S in g le  M o d e  g u id e s  f o r  an  a p p l ie d  F i e ld  o f  0  a n d  5 0  k V / c m  f o r  
2 5  p e r io d s  Q W  s t ru c tu re  a n d  Z op o f  0 .8 6 3 p m .
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Diffusion length (nm)
F ig .  7 .9  T h e  v a r ia t io n  o f  t h e  r e f r a c t i v e  in d e x  w i t h  d i f fu s io n  le n g th  ( L d)  f o r  f i e ld s  o f  0
k V / c m  ( S o l i d  l in e  )  a n d  5 0 k V / c m  (d a s h e d  l in e  )  f o r  Xop o f  0 .8 6 3 p m ,  a n d  f o r  
f i e ld s  o f  0  k V / c m  ( d o t t e d  l in e )  a n d  lO O k V / c m  (d o t - d a s h e d  l in e )  r e s p e c t i v e l y  
f o r  Z op o f  0 .8 7 3  ( tm .
Half width (pm)
F ig .  7 .1 0  R e f r a c t i v e  in d e x  p r o f i l e ,  w i t h  a n d  w i t h o u t  a p p l ie d  e l e c t r i c  f i e l d  a c r o s s  A B  in  
F i g .  7 . .  1. T h e  w id t h  o f  m e ta l  c o n t a c t  is  th e  s a m e  a s  th a t  o f  w a v e g u id e  
m a s k  in  th is  s tru c tu re .
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Thickness (pm)
F i g .  7 .1 1  T h e  v a r ia t io n  o f  t h e  b r e a k d o w n  v o l t a g e  w i t h  Q W  a c t i v e  r e g i o n  th ic k n e s s .
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C h a p t e r  8  
P o l a r i s a t i o n  I n s e n s i t i v e  E l e c t r o - A b s o r p t i o n  o f  
A l G a A s / G a A s  Q u a n t u m  W e l l s  
U s i n g  I n t e r d i f f u s i o n
8.1 In troduction
R e c e n t l y ,  p o la r is a t io n  in s e n s i t iv e  ( P I )  e l e c t r o - a b s o r p t i v e  I I I - V  s e m ic o n d u c t o r  
q u a n tu m  w e l l  ( Q W )  m o d u la t io n  d e v i c e s  h a v e  b e e n  u n d e r  in t e n s iv e  d e v e l o p m e n t  
b e c a u s e  th e  p o la r i s a t io n  o f  a n  in c o m in g  o p t i c a l  s ig n a l  w i l l  v a r y  [8 .1 ] .  M o r e o v e r ,  s in c e  
o p t i c a l  s ig n a ls  t r a v e l l in g  th r o u g h  a  r e l a t i v e l y  l o n g  d is t a n c e  in  w a v e g u id e s  a n d  in  t r u n k  
f ib r e s  d o  n o t  n o r m a l ly  p r e s e r v e  th e  p o la r is a t io n  o f  l ig h t ,  p o la r is a t io n  s e n s i t i v i t y  is  
u n d e s i r a b le  in  th e  o p t i c a l  s ig n a l  p r o c e s s in g .
O n e  o f  th e  w a y s  t o  p r o d u c e  p o la r is a t io n  in s e n s i t i v i t y  is  t o  d e v e l o p  a  p a r a b o l i c ­
s h a p e d  c o n f in e m e n t  in  th e  f in i t e  d e p th  Q W  s t r u c tu r e  (h e r e a f t e r  d e n o t e  as  P Q W )  [8 .2 ] .  
T h e  r e a s o n  f o r  th is  is  th a t  th e  q u a n tu m  c o n f in e d  S t a r k  s h i f t  o f  th e  fu n d a m e n ta l  
t r a n s it io n s  a r e  in s e n s i t iv e  t o  th e  h e a v y  h o le  ( H H )  a n d  l ig h t  h o le  ( L H )  e f f e c t i v e  m a s s e s  
in  th e  P Q W .  T h i s  r e s u lt s  in  a n  id e n t ic a l  e n e r g y  o f  th e  S t a r k  s h i f t  [ 8 . 3 ] .  T h is  f e a t u r e  
g i v e s  th e  P Q W  a n  a b i l i t y  t o  m o d u la t e  l i g h t  w i t h  a  t r a n s v e r s e  m a g n e t ic  ( T M )  
p o la r i s a t io n  in  a  s im i l a r  d e g r e e  t o  th a t  w i t h  a  t r a n s v e r s e  e l e c t r i c  ( T E )  p o la r is a t io n .
O n e  o f  th e  c o n v e n t io n a l  m e t h o d s  t o  f a b r ic a t e  th e  P Q W  is  b y  a n  a lt e r n a te  
d e p o s i t i o n  o f  th in  u n d o p e d  la y e r s  o f  G a A s  a n d  A l xG a i . xA s  w i t h  v a r y in g  th ic k n e s s ,  in  
w h ic h  th e  r e l a t i v e  th ic k n e s s  o f  th e  A l xG a i . xA s  la y e r s  in c r e a s e  q u a d r a t ic a l ly  w i t h  
d is t a n c e  f r o m  th e  c e n t r e  o f  p a r a b o l ic - s h a p e d  s t ru c tu r e ,  w h i l e  th a t  o f  th e  G a A s  la y e r s  
d e c r e a s e  [ 8 .3 ] .  H o w e v e r ,  i t  is  d i f f i c u l t  t o  f a b r ic a t e  th e  s t r u c tu r e  a c c u r a t e ly ,  in  
p a r t ic u la r ,  t o  p r o d u c e  in  m u l t ip l e  n u m b e r s  o f  t h e s e  P Q W s  w i t h  g o o d  u n i f o r m i t y .
H e r e ,  w i t h  a  s im p le  t e c h n o l o g y  o f  t h e r m a l  a n n e a l in g  o f  t h e  Q W  [8 . 4 ] ,  w e  
p r o p o s e  p o la r is a t io n  in s e n s i t iv i t y  b y  a n  in t e r d i f fu s io n  in d u c e d  p a r a b o l i c - l ik e
133
Chapter 8
A lG a A s / G a A s  Q W .  I n  a d d it io n ,  th r o u g h  th e  u s e  o f  in t e r d i f fu s io n ,  th e  o p e r a t in g  
w a v e l e n g t h  ( Z op)  o f  t h e  m o d u la t o r  c a n  a ls o  b e  a d ju s te d  [ 8 .5 ] .  I n  fa c t ,  th e  t e c h n o l o g y  
o f  Q W  in t e r d i f fu s io n  h a s  b e e n  e m p lo y e d  in  th e  d e v e lo p m e n t  o f  m o d u la t o r s  [ 8 .6 ] ,  la s e r s
[ 8 . 7 ] ,  w a v e g u id e  [ 8 .8 ] ,  a n d  th e  in t e g r a t io n  o f  th e  la t t e r  t w o  [8 . 9 ] .  M o r e o v e r ,  t h e  
e x t e n t  o f  A lG a A s / G a A s  Q W  in t e r d i f fu s io n  is  c o n t r o l la b le  w i t h  a c c u r a c y  u p  t o  ± 5 A
[8 .1 0 ] .  T h i s  s u g g e s t s  th a t  p o s s ib i l i t y  t o  p r o d u c e  p a r a b o l i c - l ik e  Q W  f r o m  a s - g r o w n  
s q u a r e  Q W  u s in g  th e  in t e r d i f f u s i o n  t e c h n o lo g y .
I n  th is  c h a p t e r ,  w e  s h o w  t h e o r e t i c a l l y  th a t  th e  in t e r d i f fu s e d  Q W  ( D F Q W )  c a n  
p r o d u c e  p a r a b o l i c - l ik e  Q W  s h a p e .  T h is  is  d e m o n s t r a t e d  b y  th r e e  A l xG a 1 .xA s / G a A s  
P Q W  s t ru c tu r e s  w i t h  d i f f e r e n t  A l  c o n c e n t r a t io n  a n d  w e l l  w id th .  T h e  m o d e ls  o f  
e l e c t r o - a b s o r p t i v e  p r o p e r t i e s  a r e  p r e s e n t e d  a n d  th e  c r i t e r ia  t o  a c h ie v e  th e  p o la r is a t io n  
in s e n s i t i v i t y  a r e  d is c u s s e d .  W e  a ls o  a d d r e s s  th e  e f f e c t  o f  in t e r d i f fu s io n  o n  th e  e n e r g y  
s ta te s  a n d  S t a r k  s h i f t  o f  t r a n s it io n s  a n d  c o m p a r e  th e  P I  S t a r k  s h if t  o f  th e  p a r a b o l ic - l ik e  
D F Q W ’ s w i t h  th e  id e a l  P Q W ’ s. T h e  s t e p s  t o  o b t a in  P I  O N - s t a t e  a n d  O F F - s t a t e  as  
w e l l  as  th e  P I  e l e c t r o - a b s o r p t i v e  m o d u la t io n  p r o p e r t ie s  a r e  f i n a l l y  d is c u s s e d .
8.2 M odelling of in terd iffusion  induced  parabo lic  q u an tu m  well
T h e  s u b b a n d  s t r u c tu r e  is  m o d e l l e d  u s in g  1 - D  o n e  p a r t i c l e  S c h r o d in g e r  l ik e  
e q u a t io n  [ 8 .1 1 ] ,  th e  s u b la t t ic e  d i f f u s e d  p r o f i l e s  o f  A lG a A s / G a A s  is  d e t e r m in e d  u s in g  
e r r o r  fu n c t io n  [ 8 . 1 2 ]  a n d  a b s o ip t i o n  c o e f f i c i e n t  a  is  c a lc u la t io n  u s in g  th e  d e n s i t y  
m a t r ix  a p p r o a c h  [8 .1 3 ] .  T h e  e x t e n t  o f  t h e  in t e r d i f fu s io n  p r o c e s s  in  th e  D F Q W  is  
c h a r a c t e r is e d  b y  a  d i f fu s io n  le n g th  L d. U n d e r  a n  a p p l ie d  e l e c t r i c  f i e ld ,  th e  a b s o r p t io n  
c o e f f i c i e n t  c h a n g e s  d u e  t o  Q C S E .  T h e  m o d u la t io n  c h a r a c t e r is t ic  o f  th e  P I  e l e c t r o ­
a b s o r p t io n  m o d u la t o r  is  in d ic a t e d  b y  th e  c o n t r a s t  r a t io  ( C R ) .  I t  s h o u ld  b e  n o t e d  th a t  a  
a t t h e  O N - s t a t e  ( o c o n )  is  d e f in e d  a s  th e  a b s o ip t i o n  a t  F  =  0  w h e r e  a  o f  th e  O F F - s t a t e  
( o coff)  is  d e f in e d  as  th e  a b s o ip t i o n  a t  F  +  0 . I t  is  c o n s id e r e d  th a t ,  in  th e  m o d u la t o r ,  th e  
a b s o ip t io n  is  m a in ly  p r o d u c e d  b y  th e  Q W  a n d  th u s  th e  a b s o ip t i o n  lo s s  (ociOSs) e q u a ls  th e  
a b s o ip t io n  a t  F  =  0 .  F o r  a  h ig h  p e r f o r m a n c e  e l e c t r o - a b s o r p t io n  m o d u la t o r ,  c h a n g e  o f  
a b s o r p t io n  c o e f f i c i e n t  ( A a ) ,  a n d  th u s  C R ,  s h o u ld  b e  la r g e  w h i l e  a t t h e  s a m e  t im e ,  a i 0Ss 
s h o u ld  b e  a s  l o w  a s  p o s s ib le .
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In an AlxGai_xAs/GaAs PQW, the most important parameter perhaps is the 
parabolic curvature, K, of the potential profile which is defined as [8.14]
: K = (2x V0) / (L/ 2)2, where L is the thickness of the top of the well, 
V0 = Qc(Eg2 -E g ^  , Qc is the conduction band offset ratio, Egi = 1.424 [8.15] is the 
bulk bandgap energy of the well and Eg2 = 1.424 + 1.594x + x(l-x)(0.127-1.31x)
[8.16] is the bulk bandgap energy of the barrier at room temperature. The parabolic 
potential profile, VPQw, is defined as: V PQW =  fa2 Kz2, where |z| < fa Lz.
In order to achieve the polarisation insensitivity, the potential profile of the 
DFQW, Ur(z), should match that of the PQW, i.e.:
U r(z)=VPQW, (8.1)
so that the shift of the ground state becomes insensitive to the confined particle mass
[8.3], In addition, narrow as-grown well widths are required before interdiffusion of 
the QWs. It is because, as shown in Fig. 8.1, the upper half of the DFQW potential 
profile will widen from the as-grown rectangular QW structure as Ld increases. At the 
same time, the lower half of the QW width will be narrow down to match that of the 
PQW. With the appropriate extent of interdiffusion, i.e. Ld = 2nm, the diffused profile 
can become very close to the PQW profile.
There are two features of the PQW that can be used to assess whether the 
potential profile of the DFQW has reached a parabolic-like shape. They are (i) equally 
spaced eigenstates, and (ii) equal Stark shift energies of the C1-HH1 and C1-LH1 
transitions as well as the shift of their IS exciton transition energies. The second 
feature is, in fact, a more crucial condition to obtain polarisation insensitivity in 
electro-absorptive modulation.
8.3 Results an d  Discussions
The three PQW structures we aim to achieve are: (a) PQW with high Al 
concentration of x = 0.4 and well-width Lz = 22nm [8.17], (b) PQW with Al 
concentration of x = 0.35 and Lz = 21nm, and (c) PQW with low Al concentration of x 
= 0.3 and Lz = 20nm [8.3]. The corresponding parabolic DFQWs with PI ON and 
OFF states are: (a) DFQW with x = 0.37, Lz = 17nm, and Ld = 2.2nm (denoted as 
DFQW(hi-Al) hereafter), (b) DFQW with x = 0.35, Lz = 16nm, and Ld = 2.1nm
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(denoted as DFQW(mid-Al)), and (c) DFQW with x = 0.32, Lz = 14nm, and Ld = 2nm 
(denoted as DFQW(low-Al)), where Lz is the as-grown well width of the DFQW.
In the calculation of absorption coefficient, the Lorentzian broadening profile 
and the HWHM exciton broadening factor are extracted from experimental data [8.18, 
8.19]. The HWHM of the heavy hole (HH) and the light hole (LH) are considered to 
be the same and have a value of 3 meV which is averaged from the values taken from 
ref. [8.18-19]. It should be noted that although the interdiffusion will enhance the 
broadening factor, its effect on the broadening factor is still not well known and this 
effect has not been considered in our model.
8.3.1 Selection of DFQW
To achieve the three parabolic shapes, the structural parameters of the DFQWs 
such as the well width and Al concentration of the as-growth rectangular QW as well 
as the extent of interdiffusion, indicated by Ld, have to be selected carefully. It is 
found that the well shape and the eigen-energy spacing, and thus the quantum confined 
Stark shift (QCSS) of transition energy are strongly dependent on the extent of 
interdiffusion.
Interdiffusion modifies the well/barrier interfaces of QW system from abrupt to 
graded gradually [8.5]. Consequently, the energy of bound states will change and thus 
the energy difference of two adjacent bound states i and j, AEy = Ei (energy of bound 
state i) -  Ej (energy of bound state j), is modified as shown in Table 8.1 where the 
DFQW is with Al content x = 0.32 and Lz = 14nm. It is found that the deviation of 
AEy from AEi2 to AE54 of conduction band and HH valence band gradually reduces at 
the beginning of interdiffusion, i.e. the confinement profile becomes more parabolic­
like in shape. The mean deviation of AEy becomes minimum at Ld = 2nm and Ld = 
1.5nm for HH and electron, respectively, as shown in Fig. 8.2. Upon further increasing 
of Ld, the DFQW is over-interdiffused so that the mean deviation increases.
QCSS due to the applied electric field of the DFQW will also be modified by 
interdiffusion and thus the difference between QCSS of C1-HH1 and C1-LH1 is 
varied, as shown in Fig. 8.2, for an applied field is F = 50kV/cm. At Ld = 2 nm, the 
difference reduces to minimum. The minimum of the mean deviation of HH bound
7
state and the minimum of the QCSS difference indicate that the D F Q W  with Ld = 2nm
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is  m o s t  p a r a b o l i c - l ik e  f o r  t h e  s t r u c tu r e  o f  x  =  0 .3 2  a n d  L z =  1 4 n m  a n d  th u s  c a n  b e  
p r o p o s e d  f o r  p o la r is a t io n  in s e n s i t iv i t y .  S im i la r ly ,  P I  D F Q W  c a n  b e  o b t a in e d  in  th e  
o t h e r  t w o  c a s e s ,  in c lu d in g  m e d iu m  A l  ( x  =  0 .3 5 )  a n d  h ig h  A l  ( x  =  0 .3 7 )  c o n c e n t r a t io n  
s tru c tu re s .
A f t e r  a  c a r e fu l  s e l e c t io n  o f  L d, th e  D F Q W  ( h i - A l )  s t r u c tu r e  c a n  b e c o m e  c l o s e  
t o  th e  P Q W  w i t h  x  =  0 .4  in  t e r m s  o f  b o t h  th e  w e l l  s h a p e  a n d  e ig e n - e n e r g ie s ,  as  s h o w n  
in  F i g .  8 .3 .  T h e  D F Q W  h a s  a  s l i g h t l y  w i d e r  b o u n d - w id t h  n e a r  th e  t o p  o f  th e  w e l l  la y e r ;  
th is  w i l l  r e d u c e  th e  h ig h  o r d e r  t r a n s i t io n  e n e r g ie s ,  s u c h  a s  C 5 - H H 5 ,  b u t  it  s h o u ld  p la y  a  
m in im u m  r o l e  f o r  m o d u la t io n  s in c e  o n ly  th e  fu n d a m e n ta l  t r a n s it io n s  ( C 1 - H H 1  a n d  C l -  
L H 1 )  d o m in a t e .  I n  a d d it io n ,  th e  c a lc u la t e d  A E y  in  th e  p a r a b o l ic  D F Q W s  a r e  
a p p r o x im a t e ly  e q u a l  in  s p a c in g  f o r  t h e  f i r s t  f o u r  t r a n s it io n s ,  i . e .  A E 21  =  7 5  m e V ,  A E 32 =  
7 9  m e V  ( 4  m e V  d e v ia t i o n )  a n d  A E 43 =  7 4  m e V  ( 1  m e V  d e v ia t i o n ) .  T h e r e f o r e ,  th e  
p a r a b o l i c  p o t e n t ia l  p r o f i l e  p r o d u c e d  b y  in t e r d i f f u s i o n  is  v i a b l e  f o r  P I  m o d u la t io n .
F o r  th e  p r o d u c t io n  o f  s u c h  D F Q W  s t ru c tu r e s ,  th e  e x t e n t  o f  in t e r d i f fu s io n  c a n  
b e  a c c u r a t e ly  o b t a in e d  s in c e  L d is  h ig h ly  c o n t r o l la b le  d o w n  t o  0 .5 n m  u s in g  a  r e l a t i v e l y  
l o w  t e m p e r a tu r e  r a p id  th e r m a l  a n n e a l in g  f o r  th e  A lG a A s / G a A s  s y s t e m .  F o r  in s ta n c e ,  a  
l o w  in t e r d i f fu s io n  r a t e  a t ~  9 0 0 ° C  a n n e a l in g  t e m p e r a tu r e  [ 8 .1 0 ]  c a n  b e  u s e d  t o  c o n t r o l  
th e  e x t e n t  o f  in t e r d i f f u s i o n  f o r  m o d i f y i n g  th e  p o t e n t ia l  c o n f in e m e n t  p r o f i l e .
8.3.2 Stark Shift of PQW Versus DFQW
T h e  e x p e r im e n t a l  r e s u lt s  o f  t h e  p s e u d o - P Q W  r e p o r t e d  in  r e f .  [ 8 . 3 ]  a r e  
c o m p a r e d  w i t h  th e  p a r a b o l ic  D F Q W ( h i - A l )  a n d  D F Q W ( l o w - A l ) ,  in  t e r m s  o f  th e ir  
Q C S S  u n d e r  d i f f e r e n t  a p p l ie d  e l e c t r i c  f i e ld s  f o r  th e  t w o  fu n d a m e n t a l  t r a n s it io n s  ( C l -  
H H 1  a n d  C 1 - L H 1 ) ,  a s  s h o w n  in  F i g .  8 .4 .  I n  th e s e  t w o  D F Q W s ,  as  th e  a p p l ie d  f i e l d  
in c r e a s e s ,  th e  d i f f e r e n c e  b e t w e e n  th e ir  fu n d a m e n ta l  t r a n s i t io n  e n e r g ie s  r e m a in s  
a p p r o x im a t e ly  c o n s ta n t ,  as  in  th e  c a s e  o f  th e  m e a s u r e d  P Q W .  T h i s  im p l ie s  th a t  th e  
S t a r k  s h if t s  o f  th e  C 1 - H H 1  t r a n s i t io n  e n e r g y  o f  th e  t w o  p a r a b o l ic  D F Q W s  a r e  s im ila r  
t o  t h o s e  o f  th e  C 1 - L H 1  o n e s .  T h i s  d e m o n s t r a t e s  th a t  th e  D F Q W s  c a n  p r o d u c e  th e  
s a m e  k in d  o f  S t a r k  s h i f t  p r o p e r t i e s  as  t h o s e  o f  th e  P Q W s .  I t  c a n  b e  s e e n  th a t , f r o m  
F ig .  8 .4 ,  th e  S t a r k  s h i f t  o f  D F Q W ( h i - A l )  is  l a r g e r  th a n  th a t  o f  th e  D F Q W ( l o w - A l )  
s in c e  b o t h  th e  a s - g r o w n  A l  c o n c e n t r a t io n  a n d  th e  w e l l  w id t h  h a s  b e e n  r e d u c e d  in  th e  
c a s e  o f  D F Q W ( l o w - A l )  [ 8 .2 0 ] .
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The shift of the TE and TM lS-exeiton transition energies are similar to each 
other in all three cases, as shown in Figs. 8.5-7. To facilitate our discussion, only the 
case of F = lOOkV/cm is shown here, the Stark shifts wavelength of TE (TM) 
polarised exciton edge are about 0.026eV (0.029eVj for DFQW(low-Al), 0,030eV 
(0.03 leV) for DFQW(mid-Al), and 0.032eV (0.032eV) for DFQW(hi-Al). This 
equality of the band-edge shifts between TM and TE modes shows good agreement 
with that from the measured PQW [8.3]. This clearly demonstrates the ability of 
DFQWs to produce PI Stark shift.
8.3.3 PI ON- and OFF- States in Electro-Absorption
PI ON-state is an unbiased state in which octe = ocTm and PI OFF-state is a bias 
state in which (Xte = c*tm- In order to obtain these ON and OFF states with a PI 
electro-absorptive change (i.e. AaTE = Ao^ m), Xop and the strength of the reverse biased 
field are two crucial factors that have to be determined. The results indicate that Xop 
and the biased field are mutual related. The chronological steps to determine the PI 
ON- and OFF- states of DFQWs are discussed together with the electro-absorption 
modulation of the various QW structures.
The first step is to obtain a range of Xop, within which the modulator can 
provide PI ON-state. This range can be determined from the unbiased (F = 0) TE and 
TM absoiption spectra as shown in Figs. 8.5-7. Take the unbiased TE and TM 
absoiption spectra of Fig. 8.5 as an example, due to the broadening of exciton 
absorption, the same amount of TE and TM absoiption coefficient can only be found in 
the absoiption tail at least 10 nm away from the exciton edges (HH for TE and LH for 
TM). The photon wavelength of the absoiption tail with the same TE and TM 
absoiption coefficient starts from ~ 0.858pm to longer wavelengths. This is the range 
of Xop that can be selected as PI ON-state.
The second step is to determine a range of bias fields, with which the PI OFF- 
state can operate within the pre-determined range of wavelengths with the same 
amount of unbiased TE and TM absorption (obtained from the first step above). For 
the case shown in Fig. 8.5, when F > lOOkV/cm, the cross-over point of biased TE and 
TM absorption (the PI OFF-state) can shift (due to the Stark effect) into the
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wavelength range. The wavelength of this cross-over point is the A,op with PI ON- and 
OFF- states. Since an applied field F > lOOkV/cm can be used to produce the ON- and 
OFF- states, more than one Xop can be obtained for PI modulation.
In the final step, we have to determine an appropriate A,op and bias field. When 
the applied electrical field increases, the absorption coefficient reduces because the 
overlap integral of the electron and HH wavefunctions as well as the electron and LH 
wavefunctions reduces. In the case of Fig. 8.5, when applied field increases from F = 
lOOkV/cm onwards, although PI ON- and OFF- states can be obtained, the a  of the 
OFF-state and Aa (absorption change between the OFF-state and the ON-state) 
reduces. Consequently, we have to consider the trade-off between aioss (a at the OFF- 
state ) and Aa. When the applied field increases, aioss reduces since Xop is moving far 
from the unbiased exciton edges (high loss), however, Aa (and thus CR) also reduces. 
In order to have a large Aa and, at the same time, to maintain PI ON- and OFF- states, 
F = 100 kV/cm should be used as the bias field and Xop is now set at 0.858pm for the 
case of DFQW(low-Al) as shown in Fig. 8.5. Since Xop is far from the unbiased HH 
exciton absorption edge (0.846jam), aioss is low with a value of 258cm’1. It should be 
noted that since ^op increases with an applied field, these two parameters are mutually 
related.
The applied field and Xop for the other two cases DFQW(mid-Al) and 
DFQW(hi-Al) are also determined, for the DFQW which are operated under 
lOOkV/cm and their Xop are set at 0.861 jam and 0.863jam, as shown in Figs. 8.6 and 8.7 
respectively. Table 8.2 lists the modulation properties of all three cases including the 
ON-state and OFF-state PI absoiption coefficient, and CR with a modulation 
interaction length of 50jam. aioss reduces from 258cm'1 to 200cm"1 but CR also reduces 
from 20dB to 13dB from the case of DFQW(low-Al) to DFQW(hi-Al). This is mainly 
because of the well width of the DFQWs increases from 14nm to 17nm, hence a  
reduces as shown in Figs. 8,5-7. To compare the modelled result of DFQW(low-Al) 
with the experimental result [8.3], the PQW measured to be Aa = 1000cm' 1 against 
1162cm'1 for the modelled DFQW at Xop of 0.858jam. This implies that our DFQWs 
can perform as well as the PQW.
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From Fig. 8.8 the Aa spectra of DFQW(low-Al), apart from the fact that Zop 
(0.858pm) at F = lOOkV/cm can provide polarisation insensitivity electro-absorption 
modulation, at a lower applied field, such as F = 80kV/cm, the polarisation insensitivity 
can also be obtained at ~0.853pm (see the inserted box in Fig. 8 .8) where AaxE = 
AaTM- However, as shown in Fig. 8.5, the ON-state a TE + a TM, this means that an 
extra modulator is required to pre-adjust the TE and TM polarised signal in order to 
obtain the same amount of modulated intensity. Although there is an advantage in 
using a smaller power consumption (due to load resistance) for F = 80kV/cm than that 
of F = lOOk/cm, the extra device makes the modulation system more complex which is 
not desirable in practice. As a consequence, F = 80kV/cm should not be used for PI 
electro-absorption modulation.
It is known that, within realistic experimental limits, a deviation of few 
monolayers is possible in QW fabrication to the expected well thickness. For an 
example of QW(low-Al) with a deviation of ± 5A in well width, the PI Aa will 
degrade from 1162cm’1 (Lz =14nm, Zop= 0.858pm) as shown in Table 8.2 to 971cm'1 
for the -5A (Lz =13.5nm) case and to 715cm'1 for the +5A (Lz =14.5nm) case. The Aa 
of the narrower QW is greater because a  is inversely proportional to Lz. In addition, 
in the cases of Lz =13,5nm and 14.5nm, Zop blue shifts to 0.853pjn and red shifts to 
0.862p,m, respectively. In case of Lz = 14.5nm, the optimised Ld is 2.25nm, however, 
since both Lz and Ld increase as compared to that of the optimised structure of Lz = 
14nm with Ld = 2nm, the quantum confinement, and thus Aa, of the optimised Lz = 
14.5nm case decreases [8.21] to 645 cm'1. Consequently, in order to develop a 
parabolic-like DFQW with a larger absoiption modulation, the as-growth well width, 
Al concentration in barrier and extent of interdiffusion have to be selected carefully. 
The criteria discussed in section 8.2 and the results analysed in this section can serve 
as a guide to produce useful PI absoiption modulation.
8.4 Sum m ary
We have theoretically investigated the use of interdiffusion in different as- 
grown square QW structures to produce parabolic-like potential profiles in achieving 
polarisation insensitive electro-absorptive modulators. These QWs have been
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optimised to achieve three equivalent parabolic AlxGai_xAs/GaAs QWs of x various 
from 0.3 to 0.4. Three criteria are proposed to successfully achieve the parabolic-like 
DFQWs, which are (i) to start with a narrower as-grown rectangular QW well width 
than that of the targeted PQW and the rectangular QW is diffused with a less extensive 
interdiffusion, (ii) to minimise the mean deviation of the adjacent eigenstates spacing 
up to the highest bound state in the well, and (iii) to minimise the difference of the HH 
and LH Stark shift. The chronological procedures to obtain PI ON- and OFF- state 
electro-absorptive modulation are also proposed. It is suggested that an applied field 
bias of ~ IV/pm should be used.
The optimised results show that the characteristics of PQW including equal 
energy spacing between eigen-states and PI quantum confined Stark shift, can both be 
achieved using the DFQWs. The electro-absorptive modulation of the DFQW is as 
good as that of the measured PQW. Although the DFQW PI electro-absorptive 
modulation can only operate at a specific wavelength, the advantage of DFQW over 
the conventional PQW is that only an as-grown rectangular QW is required, without 
complicated growth processing, to achieve the polarisation insensitivity. This 
suggested that the DFQW can be an obvious candidate in producing parabolic-like 
QWs to achieve PI electro-absorptive modulation. Future experimental work of 
verifying the polarisationinsens itivity of parabolic-like DFQW have to be carried out.
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Table 8.1 Energy difference between adjacent bound states: i and j, AEy, in conduction 
band and HH valence band of DFQW with aluminium content x =0.32 and 
Lz = 14nm.
Ld (nm) AE2i (meV) AE32 (meV) AE43 (meV) AE54 (meV)
heavy hole
0 9.3 15.3 2 1 .2 26.8
0.5 10.5 17.1 22.9 27.4
1 13.5 20 23.8 25.3
1.5 17.3 21.4 22.8 22.4
2 20 .1 21.5 22 19.8
2.5 20.8 20.2 19 17.4
3 19.9 18.7 17.2 15.5
electron
0 59.1 96.5 120.9
0.5 63.9 100.2 113.7
1 73 1 0 1 .2 95
1.5 82.1 94.4 78.1
1.75 85.1 89.5 71.8
2 86.5 84.4 66.6
2.5 84.9 74.9 58.2
3 79 66.6 54.7
Table 8.2 The modulation properties of the three parabolic-like DFQWs PI 
modulators.
case Xop (ftm) ON-state 
a  (cm-1)
Aa (cm'1) CR (dB)
low-Al 0.858 258 1162 20
mid-Al 0.861 240 1109 19
hi-Al 0.863 200 816 13
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Fig. 8.1 Potential profile of the parabolic DFQW (solid line) with x = 0.32, Lz= 14nm, 
Ld = 2.0nm, and its corresponding as-grown QW (dashed-dot line) with Ld = 
0, and the PQW (dash line) x=0.3, L=20nm.
Fig. 8.2 Mean deviation of energy difference of adjacent bound state (AEy) of HH 
(solid line) and electron (long dash line), and difference between QCSS of HH 
and LH transition (dot line) of DFQW (low-Al).
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Fig. 8.3 Potential profile of the parabolic DFQW (solid line) with x = 0.37, Lz = 17 
nm, La = 2.2 nm and the PQW (dash line) of x = 0.4, L =22 nm. Eigen states 
are also indicated.
>Gy
CDi_OC
0
Co
1
'<nc
cd
1.5
1.48
1.46
1.44
1.42
b—
QW(hi-AI)
-...... - QW(low-AI)
 experimental data of PQW
-i l-.-i.-l i I i I i I i I i—1 i I i I—i—L
0 10 20 30 40 50 60 70 80 90 100 110 120
applied field (kV/cm)
Fig. 8.4 The C1-HH1 and C1-LH1 transition energies of experimental data [8.3] (solid 
line), QW(hi-Al) x = 0.37, Lz = 17 nm, Ld = 2.2 nm (dot line), and QW(low- 
Al) x = 0.32, Lz=14nm, Ld= 2nm (dash line).
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Fig. 8.5 The absoiption spectra of the TE and TM polarisation modes of the DFQW 
with low aluminium concentration, x = 0.32 (low-Al).
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Fig. 8.6 The absorption spectra of the TE and TM polarisation modes of the DFQW 
with middle aluminium concentration, x = 0.35 (mid-Al).
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Fig. 8.7 The absoiption spectra of the TE and TM polarisation modes of the DFQW 
with high aluminium concentration, x = 0.37 (hi-Al).
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Fig. 8.8 The electro-absorption spectra of the TE and TM polarisation modes of the 
DFQW with low aluminium concentration, x = 0.32 (low-Al).
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C h a p t e r  9  
P o l a r i s a t i o n  I n s e n s i t i v e  O p t i c a l  P r o p e r t i e s  o f  
I n G a A s ( P ) / I n P  Q u a n t u m  W e l l  
U s i n g  I n t e r d i f f u s i o n
9.1 In troduction
Different types of quantum wells (QW) have been used as the active region of 
optical devices because of their enhanced optical properties, as compared to 
convention bulk materials. However, quantum confinement effects break the symmetry 
of the electron-hole dipole and produces the TE and TM polarisation dependence of 
the QW optical properties, including their optical gain, absorption coefficient and 
refractive index when the incident light is parallel to the plane of QW structure [9.1]. 
This is a well known inherent feature of the conventional QWs and a disadvantage for 
their use in optical communication systems. Recently, several polarisation insensitive 
(PI) QW material systems have been proposed for electro-absorptive devices [9.2-9.7] 
and optical amplifiers [9.8]. Among these QWs, there are basically three types of 
structures: quasi-parabolic QW structures [9.5], tensile strain QW structures [9.2-4, 
9.7, 9.8] and a combination of these two [9.6]. All of them can produce similar optical 
gain or electro-absorptive changes for both TE and TM optical polarisation of light. 
For the tensile strain QW structures, the principle is that an appropriate tensile strain is 
generated in the well layer to merge the first heavy hole (HH1) and first light hole 
(LH1) states at the T valley for producing the polarisation insensitivity. Here, we 
propose a fourth type which depends on the interdiffusion induced tensile strain in the 
QWs.
Conventional PI InGaAs(P)/InP QW structures which operate at photon 
wavelengths of ~l.55f.im, have as-grown well-widths between llnm and 12nm, with 
the as-grown tensile strains being -0.3% [9.3, 9.9]. Here, the group V interdiffusion
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of QW [9.10] is used to generate the tensile strain in an InGaAs(P)/InP QW structure 
required for obtaining polarisation insensitivity. It is interesting to noted that the 
lattice matched condition is sufficient for an as-grown QW to produce PI optical 
properties after interdiffusion. The difficulties in growing highly strained as-grown 
QWs can thus be bypassed. In addition, by using interdiffusion technology, the 
operation wavelength (k0p) of the modulator can be adjusted because of the modifiable 
QW bandgap energy through interdiffusion [9.11, 9.12]. All the above features make 
the interdiffused QW (DFQW) an attractive structure for developing PI optical 
devices. It should be noted that the interdiffused InGaAs/InP QW material has already 
been studied in some detail [9.11, 9.13, 9.14] and it has been successfully realised in 
vaiious optical devices, such as waveguides [9.12] and lasers [9.15].
In this chapter, we will theoretically study the effects of interdiffusion of two 
InGaAs(P)/InP DFQWs on the PI electro-absorption and optical gain; one QW 
structure having 0.15% as-grown tensile strain, and the other one grown lattice- 
matched. The criterion and steps to achieve PI optical properties are presented. The 
implications of Group V only interdiffusion for the development of the polarisation 
insensitivity and the PI optical properties of DFQWs are addressed. The effects of 
injected earners and applied electric fields on the PI optical gain are finally discussed.
9.2 M odelling of InG aA s(P )/InP  D FQ W
There are three types of interdiffusion processes in InGaAs/InP QWs: (a) 
Group III (In, Ga atoms) only interdiffusion [9.16- 9.18], (b) Group V (As, P) only 
interdiffusion [9.19, 9.20], and (c) interdiffusion on both Group III and Group V 
sublattices [9.18, 9.21]. Group III only interdiffusion induces a compressive strain in 
the well and a tensile strain in the banders, while Group V only interdiffusion induces a 
tensile strain in the well and a compressive strain in the barriers. Interdiffusion on the 
two sublattices can induce either tensile or compressive strains in the well or it can 
maintain a lattice matched structure. In order to induce a tensile strain large enough to 
realise polarisation insensitivity, interdiffusion on the Group V sublattice only is used 
here. During the interdiffusion, strains are not only induced in the DFQW, but 
fundamental transition energies also increases due to the modification of the sublattice 
profile. This implies that Xop can be adjusted. The group V interdiffusion model used
150
Chapter 9
here is a two-phase interdiffusion mechanism with different diffusion coefficients in the 
barrier and the well layers [9.20, 9.22]. This implies a ‘discontinuity’ of the Group V 
concentration profile at the interface across the QW structure after interdiffusion.
The interdiffusion induced quantum confinement profiles and the electron and 
hole subband edges of a single QW are calculated numerically [9.23]. The field effect 
is calculated according to a scheme developed by Bloss [9.24]. The band mixing 
effects between HH and LH is taken into account by adopting the 4x4 Luttinger Kohn 
Hamiltonian approach [9.25]. The absorption coefficient and the optical gain with and 
without the consideration of the band mixing effect and free carrier screening effects 
respectively are determined using the density matrix approach [9.26, 9.27]. The 
absorption coefficient and optical gain depend on the joint density of state of electrons 
and holes, the optical matrix element (OME) and the broadening linewidth function 
when the difference of Fermi function between electrons and holes is also important for 
the optical gain. The exciton binding energy is calculated by using the perturbative 
variational method [9.28].
9.3 C rite ria  and  Steps to Develop D FQ W  P olarisa tion  Insensitivity
To achieve the electro-absorptive polarisation insensitivity, the first criterion is 
to generate an adequate amount of the shear strain which can at least counterbalance 
the splitting of HH and LH states due to the quantum confinement [9.7], i.e.
2ES > Elh ~ Ehh. (9.1)
where Es is the shear deformation potential, and ELh and EHh are the HH1 and LH1 
subband energies at the F valley respectively. Es is multiplied by 2 because an 
approximately equivalent amount of the shear strain influences both HH and LH while 
under the assumption that the spin-orbit splitting has a relatively small influence on the 
LH related strain. Instead of using an as-grown InGaAs/InP QW with the 0.3% to 
0.7% tensile strain (this value depends on the well width) [9.7, 9.9], we propose to use 
Group V interdiffusion to produce an enough tensile strain such that equation (9.1) can 
be satisfied.
To maintain the DFQW active cavity under a coherent pseudomorphic 
condition is a crucial criterion in developing the strained PI devices. During 
interdiffusion, the effective critical layer thickness of the DFQW continues to vary
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since the induced strain and the Group V compositions vary in the DFQW structure. 
The QW may therefore degrade into a structure with dislocations. From our results, 
the maximum induced strain in the two DFQW structures considered here with the well 
width of llnm and 12nm are 0.45% (after 0.4 hour of 750°C annealing) and 0.32% 
(after one hour of 750°C annealing) respectively. These DFQWs should be 
experimentally achievable without any dislocations since wider DFQWs with an as- 
grown well width of 20nm (exceeding the critical thickness) and at longer annealing 
time (two hours) under the same annealing temperature have been produced [9.22].
The required tensile strain in the well layer for development PI DFQW is 
affected by the well width and as-grown composition of the InxGai.x AsyPi .y/InP 
DFQW. When Lz reduces, the splitting of HH1 and LH1 increases, a larger tensile 
strain and thus longer diffusion time is required to merge them together. However, a 
wide Lz will diminish the quantum confinement effects and weaken the optical 
properties. As a consequence, Lz = 11 and 12nm are used here. For the effect of the 
composition, the amount of as-grown P content in the well layer is crucial to the 
development of PI DFQWs. When an amount (1-y) of P is added to the as-grown 
lattice-matched QW, the splitting between the LH and HH increases which results in a 
larger tensile strain and thus longer diffusion time to merge them together. In addition, 
with the increasing of as-grown P in the well layer, the C1-HH1 (first electron and 
HH1) and C1-LPI1 (first electron and LH1) transition energies increase. Similarly, 
during the Group V interdiffusion, since P diffuses from the barrier to the well and As 
diffuses from the well to the barrier, the transition energies increase. These imply that 
the increasing of the P content will only reduce the tuning ability of the DFQW to 
reach the target wavelength of 1.55jxm. However, if a low initial as-grown tensile 
strain is introduced in an as-grown rectangular QW structure, a weaker tensile strain is 
required to be produced from interdiffusion. As a consequence, InGaAs/InP QW with 
a small as-grown tensile strain and a lattice matched condition without any as-grown P 
in the well are used here to develop PI DFQW.
Chronological design steps for achieving PI optical properties are drawn as 
follows: The first step is to remove the effect of splitting between the LH and HH 
states. This implies that appropriate diffusion temperature and diffusion time should be 
selected. The second step is to select the concentration of indium and the well width
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of the as-grown QW structure in order to produce the Zop within the range of 1.52 pm 
and 1.56pm, which is of an interest for the current optical Erbium doped fibre amplifier 
technology. As a final step, it should be ensured that the DFQW structure remains 
coherently strained. These three steps are mutually related because the interdiffusion 
(1st step) will reduce Zop while the concentration of indium will affect the splitting of 
HH and LH states (2nd step). The resulting DFQWs may not satisfy the coherent 
pseudomorphic condition and results have to be checked experimentally (3rd step).
9.4 Results and  Discussions
The two DFQW structures studied here are an undoped Ino.51Gao.49As/InP QW 
with an 0.15% as-grown tensile strain, as well as a lattice matched undoped 
Ino.53Gao.47As/InP QW. Both of them are considered to be annealed under the same 
diffusion temperature of 750°C. The diffusion coefficient of the well and that of the 
barrier, as well as the concentration ratio are taken from a typical structure [9.22]. 
The broadening factors of HH and LH are considered to be the same and with a value 
of r B = lOmeV. For the electro-absorption change and gain-switching due to reverse 
bias, the applied electric field are F = 0 and lOOkV/cm. For electro-absorptive 
modulators, the ON state is designed at F = 0. Zop is selected at the dip of the biased 
exciton absoiption at which AoCte equals Acxtm in order to obtain the polarisation 
insensitivity.
9.4.1 QW Structures and Wavefunctions
With the group V interdiffusion, a tensile strain is generated in the well region 
as shown in Fig. 9.1 so that the splitting of HH1 and LH1 can be reduced. For the 
Ino.53Gao.47As/InP DFQW structure, the transitions between C1-HH1, and between Cl- 
LH1 merge at an annealing time t = -1.4 hours as shown in Fig. 9.2(a). Therefore, PI 
transition can be achieved. For a longer annealing time, the tensile strain is so large 
that the transitions of HH1 and LH1 crosses over, i.e., the transition energy of Cl- 
HH1 > that of Cl-LHl,
In addition, applying the group V two-phase interdiffusion model, the potential 
profile of the DFQW, shown in Fig. 9.2(b) (dot line), exhibits approximately the same
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shape as the as-grown profile (solid line) with only a slight deviation at the bottom of 
the well. The diffused well width equals the as-grown well width because the model 
retains a discontinuous interface for the Group V composition even after interdiffusion. 
As shown in Fig. 9.3 the P profile after interdiffusion (dot line) remains similar to its 
as-grown profile (solid line). This suggests that a confinement potential profile (Fig. 
9.2(b), dot line) with an abrupt interface is obtained and its width equals that of the as- 
grown QW. However, when InGaAs/InP DFQW is modelled by an error function 
distribution a graded confinement profile (in the case of interdiffusion on the group III 
and V sublattices [9.26]) can result. In the latter case, shown in Fig. 9.2(b) (dash line), 
it is clearly difficult to determine the effective well width.
A constant well width with interdiffusion would simplify the development of a 
PI modulator; a graded profile makes it difficult to determine some important 
parameters of absoiption coefficient and optical gain as shown in equations (3.22),
(3.23) and (3.30) such as the effective well width Lz, Tb, and Txb- Interdiffusion as a 
result of the two-phase mechanism would maintain the same well width, so that the 
effect of well width variation would be reduced, thus improving the potential for the 
tailoring of the polarisation insensitivity. A suitable tensile strain in InGaAs/InP can 
also be produced in the well for DFQWs different rates on the two sublattices, 
resulting in the merging of the HH and LH transition energies [9.29]. In this case the 
confinement energy exhibits a graded profile with the consequent complications in 
determining parameters such as Lz, Tg, and Txb-
Apart of the effect of the effective well width, the wavefunction (dot line) of 
the two-phase diffused QW coincides to the as-grown one (solid line) when the 
wavefunction (dash line) of the group III and V diffused QW has a clear modification 
as shown in Fig. 9.2(b). This modification of wavefunction will modify the 
overlapping integral between electrons and holes in OME and thus the optical 
properties of the DFQW modelled by the error function distribution.
9.4.2 Polarisation Insensitive Electro-Absorption Change
For a Ino.51Gao.49As/InP QW with an 0.15% as-grown tensile and Lz = llnm, 
the C1-HH1 and C1-LH1 exciton transition energies can successfully merge together 
when annealing time increases to 0.4 hours. The TE and TM absoiption coefficient
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spectra of the DFQW with this annealing time are shown in Fig. 9.4. The C1-HH1 and 
C1-LH1 exciton absorption edges in the TE polarisation overlap at F = 0, verifying the 
merging of HH and LH states. It can be seen that the TE and TM absoiption spectra 
overlap over a range of photon wavelengths for both F = 0 and 100 kV/cm, showing 
that PI electro-absoiption is possible. The operation region can be found from the 
absoiption change spectra as shown in Fig. 9.5, from which it can be observed that Xop 
locates between 1.54pm and 1.56pm with a maximum PI absorption change of ~ 1200 
cm"1. Fig. 9.6 shows the contrast ratio (CR) in dB of the DFQW electro-absorptive 
modulator with modulation interaction length of 50pm. For this DFQW cavity, 
assuming the optical confinement is unity, a maximum CR of 18dB is obtained at 
photon wavelength of 1.542pm. The attractive feature here is that the amount of the 
tensile strain is increased by more than 200% in the DFQW (as shown in Fig. 9.1) as 
compared with its as-grown tensile strain. The average tensile strain is 0.36% and the 
maximum tensile strain positions at the interfaces with a value of 0.46% when the as- 
grown tensile strain is only 0.15%. This means that a smaller as-grown tensile strain 
(0.15%) QW can produce the polarisation insensitivity after interdiffusion and thus 
ease the material growth and the device fabrication.
In another structure Ino.53Gao.47As/InP QW with a lattice matched condition and 
Lz = 12nm, electro-absoiptive polarisation insensitivity can be achieved after one hour 
of annealing. The TE and TM absorption spectra are shown in Fig. 9.7. The 
maximum absoiption change of ~ 1000 cm"1 (CR of ~ 16dB) can be obtained at photon 
wavelength of 1.55pm as shown in Fig. 9.8. In this structure, the maximum strain at 
interfaces is 0.32% and the average strain is 0.27%. As compared to the experimental 
structure with same well width (12nm) [9.3], where a 0.3% as-grown strained 
Ino.49Gao.51As/InP square quantum well was fabricated, we here start with a lattice 
matched as-grown QW, and the polarisation insensitivity can be obtained at around 
1.55pm wavelength.
9.4.3 Carrier Effects with Reverse Bias
For some optical devices such as lasers and optical amplifiers, the injected 
carriers will affect the optical properties and performances of the devices. The free 
can*ier screening effects on the Ino.53Gao.47As/InP DFQW structure with Lz = 120A, t =
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carrier screening effects on the Ino.53Gao.47As/InP DFQW structure with Lz = 120A, t = 
0 .5  hour and a earner density of 5 x l 0 12 cm'2 are analysed through the variations of the 
potential profile and the fundamental wavefunction of the DFQW with and without 
the free earner screening effects, see Fig. 9.9. With the carrier effects and F = 0 ,  the 
round-shaped well bottom of the DFQW is pressed down, although there is no 
significant change in the barrier and the well/barrier interfaces. This results in a slight 
improvement of the wavefunction confinement and the peak of the wavefunction 
increases slightly, as compared to the DFQW without the carrier effects. For an 
applied field (F) of 1 0 0  kV/cm, the cairier effects are more intuitive, the potential 
profile of the well bottom becomes bumpy and the effects of the reverse bias are 
reduced. Therefore the wavefunction shifts towards the centre of the DFQW, i.e. the 
confinement of the wavefunction improves considerably as compared to the DFQW 
without the earner screening effects.
The C1-HH1 transition energy increases when the earner effects are 
considered in all DFQWs with t = 0 to 1 hour and F = 0 which is due primarily to the 
increase of the HH1 energy as the Cl energy generally decreases, see Table 9.1. This 
suggests that the difference in the transition energy with and without the carrier effects 
is dominated by the change of HH1. Similar results for the C1-HH1 transition energy 
are also obtained for F =100kV/cm. However, here the increase in the transition 
energy with and without earner effects is > 20meV for all DFQWs with t = 0 to 1 hour 
as compared to l-2meV in the DFQWs at F = 0. Nevertheless, the variation of the 
transition energy due to the carrier effects is still dominated by the HH1 subband. As 
shown in Fig. 9.10, at F = lOOkV/cm, the DFQW valence subbands for t= 0.5 hour 
increase when the carrier effects are considered, i.e. all transition energies increase. 
Since the screening effects of the free carriers reduce the effect of the reverse bias, the 
spin splitting generally reduces. As a consequence, the modification of the transition 
energy with and without the earner effects are: (i) it is insensitive to the extent of the 
interdiffusion, as shown in Table 9.1, and (ii) the transition energy blue shifts with the 
carrier effects which is dominated by the variation of the HH subbands.
The TE optical gain spectra of the DFQW with t = 0.5 for various applied 
fields are shown in Fig. 9.11. At F = 0, the difference of the optical gain spectra with 
and without earner effects is small. However, at F = lOOkV/cm, the optical gain of 
the DFQW with the carrier effects increases significantly and blue shifts, as compared
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to the DFQW without the earner effects. For DFQWs with t = 0 to 1 hours, with the 
earner effects, the gain peak at F = 0 reduce slightly as compared to the absence of the 
carrier effects, see Table 9.1. On the contrary, at F = lOOkV/cm, the DFQW gain peak 
increases substantially due to the weakening of the reverse bias effects and the 
improvement of the wavefunction confinement, see Fig. 9.9.
9.4.4 Polarisation Insensitive Gain
Group V two-phase interdiffusion can be used to modify the magnitude and 
spectral position of the DFQW optical gain and its PI properties. It should be noted 
that the lower-energy side of a gain spectrum is denoted as its front side to simplify 
the discussion.
The TE and TM gain spectra of the Ino.53Gao.47As/InP DFQW structure with Lz 
= 12 0A blue shift when t increases from t=0 to 2 hours see Fig. 9.12. At the same 
time, the lower-energy side of the TE and TM gain spectra merge at a suitable t due to 
the int^diffusion induced tensile strain. Initially, the energy of the front side of the TE 
gain spectrum is lower than that of the TM one for the as-grown QW structure 
because C1-HH1 is lower than Cl-LHl. When t increases, the difference of the front­
side energy reduces and at t=0.8 hour the TE and TM gain spectra overlap, i.e. PIG is 
achieved over a wavelength range from 0.78eV to 0.84eV. As t increases further to 2 
hours, the TM front-side energy is lower than that of the TE mode because the lowest 
transition changes from C1-HH1 to Cl-LHl.
It is worth noting that the required t to achieve PIG in the x=0.53 DFQW 
structure is -0.8 hour, see Fig. 9.12, which is less than that predicted for the PI 
transition (1.4 hours), see Fig. 9.2(a). This time difference arises since the variation of 
the transition energy only depends on the modification of the subbands due to 
interdiffusion. However, the optical gain depends on the lineshape broadening factor 
and the different HH and LH polarisation factors in the optical matrix elements 
(OME), see Eqs. (3.35) and (3.36), which vary with the extent of interdiffusion. 
Therefore, the t required to produce PIG is different to that for PI transitions, as shown 
in Fig. 9.2(a).
The magnitude of the TE and TM gain peaks also change when t increases, see 
Fig. 9.12. When t = 0, the TE gain peak is larger than the TM one for the as-grown
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QW structure. However, when t increases, TM gain peak grows and becomes the 
larger one, which can be explained by the variation of OME, as shown in Fig. 9.13. 
For the as-grown QW with t = 0, the TE OME’s of C1-HH1 is at its maximum when 
kn —> 0, see Fig. 9.13(a). However, the TM OME’s of both C1-HH1 and C1-LH1 —> 
0 when k// —» 0 so that the TE gain peak > the TM one at t = 0. For t = 0.8 hour, the 
TE OME’s of C1-HH1 reduce, when the TM OME’s of C1-LH1 increase to their 
maximum when ku —> 0, see Fig. 9.13. This is because the interdiffusion induced shear 
tensile strain in the well increases which moves the LH1 subband closer to the lowest 
subband energy [9.27]. Consequently, the TM optical gain peak increases to exceed 
the TE one after interdiffusion. These results suggest that the optical mode of the 
highest gain peak can be adjusted from TE to TM using interdiffusion. In addition, the 
threshold current of a QW laser operated at the gain peak can be increased for TE 
mode operation or decreased for the TM mode operation using interdiffusion.
For the DFQW with t = 0.8 hour, the TE OME’s of C1-HH1 reduce in the 
complete range of k>/ from 0 to 0.06 as compared to that of the as-grown QW (t=0). 
However, the TM OME’s of the DFQW C1-HH1 increases in the range of k// as 
compared to that of the as-grown QW, see Fig. 9.13. This is because the HH1 
subband has more light hole characteristics due to the band mixing effects and the LH1 
subband energy gets closer to the lowest subband energy for t = 0.8 hour. The 
variations of OME’s contribute to weaken and strengthen the TE and TM optical gain 
respectively, though the corresponding photon energy changes when k// increases.
When the carrier density of the Ino.53Gao.47As/InP DFQW structure with Lz = 
12 0A and t = 0.8 hour increases from 5xl012 cm2 to 9xl012 cm2, the complete TE and 
TM gain spectra increase, see Fig. 9.14, because the quasi- Fermi level increases. In 
addition, the TE and TM gain peaks corresponding to the high order transitions are 
enhanced when the carrier density increases, as shown in Fig. 9.13. The second peak 
of TE (TM) optical gain at -  0.96eV (« l.OleV) due to the C2-HH2 (C2-LH2) 
transitions increase when the carrier density increases to 9xl012 cm'2. Consequently, 
the increase of the carrier density produces a higher PIG. Using the carrier density of 
9xl012 cm'2 in the Ino.53Gao.47As/InP DFQW structure, PIG’s as high as -1750cm'1 can 
be obtained for t =0.8 hour.
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A PIG up to 2100cm' 1 can be obtained in the gain peak region at a specific 
photon energy of 0.83 eV using an x=0.53 DFQW structure after annealing for 0.2 
hour, see Fig. 9.15. This PIG is only obtained at a single wavelength where the TE 
and TM mode gain spectra cross each other.
9.4.5 Effects of Quantum Well Parameters
The as-grown QW parameters that can be used to modify the gain spectra are 
the sublattice composition and Lz. When the In content reduces from x= 0.53 to x= 
0.51, the required t reduces from 0.8 to -0.24 hours because part of the tensile strain 
required to produce PI operation has already been built-in during sample growth, i.e. 
0.15% strain in Ino.51Gao.49As/InP QW. Since a shorter t is needed for x=0.51 DFQW, 
less P diffuses into the well region so that the C1-HH1 and C1-LH1 transition energies 
reduce which results in a red-shift of the front side of the optical gain spectra, see Fig. 
9.14. By increasing Lz from 120  A to 140A, t can be reduced further to - 0 .1 hour 
since the splitting energy of HH1 and LH1 reduces when Lz increases. Since t and Lz 
decrease and increase respectively, the operating photon energy can be further reduced 
and the PIG at 0.8eV increases to -1000cm"1. It is valuable to note that in the case of 
DFQW with x = 0.51 and Lz = 120A, the required t of 0.24 hour for PIG is shorter 
than that of 0.5 hour for the PI transition. This agrees with the result of the x = 0.53 
DFQW, as discussed in section 9.4.4.
The differential gain indicated the rate of increase of optical gain with the 
injected carrier density is shown in Fig. 9.16. When t increases, the differential gain 
reduces. For the Ino.51Gao.49As/InP DFQW with Lz = 120A, the differential gain of TE 
and TM modes is very similar other for a short t between 0.2 and 0.25 hour. The rate 
of increase of the PI differential gain is about 0.13xl0"9 cm at t = 0.25 hour. When t 
increases, the TM differential gain is larger than that of the TE one but both saturate at 
a long t (>1 hour). Consequently, although the differential gain decreases and the 
performance degrades when t increases, only a short t at 0.24 hour is required to 
produce PIG for the x=0.51 DFQW, see Fig. 9.16(a), so that the degradation is not 
significant. Similar features can also be obtained for the x= 0.53 DFQW with t= 0.8 
hour so that the differential gain is ~ 0.15xl0’9cm, although it is not detailed here.
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The linewidth enhancement factor, a, increases when t increases, see Fig. 
9.16(b). However, since only a short t is needed for the PIG, a  does not increase 
significantly. For the x= 0.51 DFQW with Lz = 120A and t= 0.24 hour, a  is 8 while 
the as-growth one is ~5 at a photon energy of 0.82eV. For the x=0.51 DFQW with Lz 
= 140A and t= 0.1 hour, a  is 7.5 when the as-grown one ~7 at photon energy of 
0.8eV. Therefore, there is an acceptable degradation in both the differential gain and 
a  for the optimised DFQW structures.
9.4.6 Effects of Reverse Bias on Optical Gain
The field induced quantum confined Stark shift of the optical gain of the 
Ino.53Gao.47As/InP DFQWs with Lz = 120A and t = 0 and 0.8 hour is shown in Fig. 
9.17. For F = lOOkV/cm, both the as-grown QW and the DFQW can provide gain 
switching. The operating wavelength can be adjusted using interdiffusion, although the 
change of the DFQW gain with applied field at the TE gain peak (250cm'1) is weaker 
than that of the as-grown QW (500cm'1).
Even though the PIG can be maintained under applied field of F = 0 and 
lOOkV/cm. PIG and PI gain switching may not be very important for lasers because 
lasers are usually linearly polarised and the presence of PIG may make the laser less 
stable due to mode hopping. However, polarisation independence is an important issue 
for optical communication since fibres do not maintain the polarisation state of an input 
optical beam. Therefore PIG is essential for PI optical amplifiers for use in optical 
communication.
9.5 Sum m ary
We have investigated the effect of interdiffusion on the PI electro-absorption 
and optical gain in InGaAs(P)/InP QWs. Interdiffusion on Group V sublattice only is 
proposed to develop PI QWs. The two-phase interdiffusion model retains similar well 
widths for both the as-grown and the interdiffused QWs, thus reducing the difficulty in 
determining parameters such as effective well width, broadening factors, after 
interdiffusion. The criterion and steps which can serve as guidelines to develop 
DFQWs with PI optical properties are also discussed. In order to optimise the 
adjustable wavelength range of interdiffusion in producing the polarisation insensitivity,
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the as-grown wells should contain no phosphorus content. Our results show that the 
two DFQW structures, Ino.51Gao.49As/InP as-grown QW with 0.15% as-grown tensile 
strain, as well as as-grown lattice-matched Ino.53Gao.47As/InP QW can achieve electro- 
absorptive polarisation insensitivity at the photon wavelength of ~ 1.55pm. It is thus 
interesting to note that an as-grown lattice matched rectangular QW, an easily 
fabricated QW structure, can produce polarisation insensitivity by using QW 
interdiffusion, which should be attractive from a device application point of view.
Taking into account the free carrier screening effects, the transition energy 
increases, as compared to that without the carrier effects and the blue shift is enhanced 
when the applied field is increased. The increasing transition energy is dominated by 
the increasing of the hole subband. With the consideration of the carrier effects, the 
gain magnitude of DFQW slightly reduce for F = 0 and increases when F increases, in 
comparison to the corresponding case without the carrier effects.
PIG can be obtained for these DFQW structures over a wavelength range of 
lOmeV. The required t for PIG is shorter than that of PI transition. When the carrier 
density increases, the PIG increases. The maximum PIG is 1800cm'1 for a carrier 
density of 9xl0'12cm'2. The optimised Ino.51Gao.49As/InP DFQW with Lz = 140A and 
t= 0.1 hour can operate at 0.8eV (1.55pm) with PIG of 1000cm'1, while the differential 
gain and the linewidth enhancement factor of the PI-DFQW reduces and increases 
respectively without a significant degradation.
The highest gain peak of the QW can be varied from the TE mode to the TM 
mode using interdiffusion. When t increases, the TE gain peak which is the largest at t 
= 0 reduces and the TM gain peak increases over the TE one when t > 0.5 hour due to 
the increase of the interdiffusion induced shear tensile strain in the well Moreover, for 
InGaAsP QW lasers the threshold current can be increased for the TE mode operation 
and reduced for the TM mode operation using interdiffusion.
161
Chapter 9
[9.1] M .  Asada, H .  Y a m a m o t o  an d  Y. Suematsu, I E E E  J. Q u a n t u m  Electron., vol. 
20, p.745, 1984.
[9.2] T. Ido, M .  Koizumi, S. Tanaka, M .  Suzuki, a n d  H .  Inoue, I E E E  Photon. Tech. 
Lett, vol. 8, p. 788, 1996.
[9.3] K . G .  Ra vi ku ma r, T. A i z a w a  an d  R. Y a m a u c h i ,  I E E E  Photon. Technol. Lett., 
vol. 5, p. 310, 1993.
[9.4] K. Wakita, I. Kotaka, KI. Yoshino, S. K o n d o ,  a n d  Y. No gu ch i, I E E E  Photon. 
Technol. Lett., vol. 7, p.1418, 1995.
[9.5] T. Y a m a g u c h i ,  T. M o r i m o t o ,  K. Alceura, K. Tada, a n d  Y .  N a k a n o ,  I E E E  
Photon. Technol. Lett., vol.6, p. 1442, 1994.
[9.6] M .  Kato, K. Tada, Y .  N a k a n o ,  I E E E  Photon. Technol. Lett., vol. 8, p. 785,
1996.
[9.7] J. C. Zucker, K. L. Jones, T. H. Chiu, B. Tell a n d  IC. B. Goebeler, I E E E  J. 
L i g h t w a v e  Technol., vol. 10, p. 1926, 1992.
[9.8] K. Margari, M .  O k a r m o t o ,  H. Yasaka, K. Sato, Y  N o g u c h i  a n d  O. M i k a m i ,  
I E E E  Photon. Technol. Lett., vol. 2, p.556, 1990.
[9.9] T. Aizawa, K . G .  R a vi ku ma r, S. Suzaki, T. Wa t a n a b e ,  a n d  R. Y a m a n c h i ,  I E E E  
J. Q u a n t u m  Electron., vol. 30, p.5 8 5, 19 94 .
[9.10] E. H .  Li a n d  W .  C. H .  C h o y ,  J. Appl. Phys., vol. 82, p. 3861, 1997.
[9.11] B. Tell, B.C. Johnson, J.L. Zyskind, J.M. B r o w n ,  J.W. Sulhoff, K.F. B r o w n -  
Goebeler, B.I. Miller a n d  U. Koren, Appl. Phys. Lett, vol.52, p.1428, 1988.
[9.12] N.J. Whitehead, W . P .  Gillin, I.V. Bradley, B.L. W e i s s  a n d  P. Claxton, 
S e mi co nd . Sci. Technol., vol.5, p. 1063, 1990.
[9.13] C.J. M c L e a n ,  J.H. Ma r s h ,  R . M .  D e  L a  Ru e ,  A.C. Bryce, B. 
Garrett, R . W .  G l e w ,  Electron. Lett, vol.28, p. 1117, 1992.
[9.14] J. O s h i n o w o ,  J. Dreybrodt, a n d  A. Forchel, J. Appl. Phys., vol.74, p. 1983,
1993.
[9.15] T. M i y a z a w a ,  H .  I w a m u r a ,  a n d  M .  N a g a n u m a ,  I E E E  Photon. Technol. Lett., 
vol.3, p.421, 1991.
[9.16] S.S. Ra o ,  W . P .  Gillin, a n d  K.P. H o m e w o o d ,  Phys. Rev. B, vol. 50, p. 8071,
1994.
9.6 References
162
Chapter 9
[9.17] A. H a m o u d i ,  A. O u g a z z a d e n ,  Ph. Krauz, E. V . K .  Ra o ,  M .  Jouhel a n d  H. 
Thibierge, Appl. Phys. Lett., vol.66, p.718, 1995.
[9.18] B.B. Elenkrig, D . A .  T h o m p s o n ,  J.G. S i m m o n s ,  D . M .  Bruce, Y .  Si, J. Zhao, 
J.D. Evans, a n d  I.M. T e mp le to n, Appl. Phys. Lett., vol. 65, p. 1239, 1994.
[9.19] C. Francis, F.H. Julien, J.Y. E m e r y ,  R. Simes, a n d  L. Goldstein, J. Appl. Phys., 
vol. 75, p.3607, 1994.
[9.20] T. Fujii, M .  S u ga wa ra , S. Y a z a k i  a n d  K. Nakajima, J. Cryst. G r o w t h ,  vol. 105, 
p.348, 1990.
[9.21] I.J. Pape, P. Li K a m  W a ,  J. P. R. David, P.A. Claxton, a n d  P.N. Pobson, 
Electron. Lett., vol.24, p.1217, 1988.
[9.22] K. Mu k a i ,  M .  S u g a w a r a ,  a n d  S. Y a m a z a k i ,  Phys. Rev. B, vol. 50, p.2273,
1994.
[9.23] J. Micallef, E. H .  Li, a n d  B. L. Weiss, J. Appl. Phys., vol. 73, p.7524, 1993.
[9.24] W .  Bloss, J. Appl. Phys., vol. 65, p. 4789, 1989.
[9.25] J.M. Luttinger a n d  W .  K o h n ,  Phys. Rev., vol. 97, pp.869-883, 1955.
[9.26] W .  C. H .  C h o y ,  E. H, Li, a n d  J. Micallef, I E E E  J. Q u a n t u m  Electron., vol. 33, 
p.1316, 1997.
[9.27] S. Seki, T. Y a m a n a k a ,  W .  Lui, Y .  Yoshikuni, an d  K. Y o k o y a m a ,  I E E E  J. 
Q u a n t u m  Electron., vol. 30, p.500, 1994.
[9.28] T.F. Jiang, Solid State C o m m u n . ,  vol. 50, p.589, 1984.
[9.29] J. Micallef, J.L. Borg, a n d  E. H. Li, Opt. Q u a n t u m  Electronics, vol. 29, p.423,
1997.
163
Chapter 9
Table 9.1 T h e  effects of interdiffusion a n d  earners o n  the C 1 - H H 1  transition energy 
an d  T E  m o d e  gain p e a k  of the Ino.5 3Gao.4 7As/InP Q W  with a carrier density 
of 5 x l 0 ’12cm f2 at k// =  0. T h e  cases with an d  without the carrier effects are 
denoted b y  w c  a n d  w o e  respectively, G P  denotes the gain p e a k  a n d  t is the 
annealing time.
case Cl H H 1 C 1 - H H 1 G P X
F  =  OkV/cm (eV) (eV) (eV) (cm'1) (eV)
t =  0, woe 0.4842 0. 30 54 0.7896 1 3 2 2 0.8176
t =  0, wc 0.4785 0.3116 0.7901 1305 0.8170
t =  0.5, woe 0.4980 0. 31 92 0.8171 1 2 7 0 0.8401
t =  0.5, wc 0.4900 0.3283 0.8183 1243 0.8413
t =  1 , woe 0.5062 0. 32 84 0.8346 1213 0.8565
t =  1 , wc 0.5001 0. 33 52 0.8353 1 1 8 9 0.8573
F =  l O O k V / c m
t =  0, woe 0.4760 0.2808 0.7568 6 1 7 0.8058
t =  0, wc 0.4794 0.3067 0.7861 10 75 0.8171
t =  0.5, woe 0.4904 0.3003 0.7907 6 2 9 0.8297
t =  0.5, wc 0.4899 0.3253 0.8152 10 65 0.8402
t =  1 , woe 0.4981 0. 30 69 0.8050 6 0 7 0.8450
t =  1 , wc 0.5006 0.3313 0.8319 1 0 8 2 0.8559
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Fig. 9.3
Fig. 9.4
Growth direction z (nm)
Phosphorus profile of InGaAs/InP QW with Lz = llnm and In content of 
0.51 (solid line) and DFQW after Group V interdiffusion with annealing time 
0.4 hours (dot line).
Photon wavelength (pm)
The TE and TM absoiption coefficient spectra of DFQW with In content of 
0.51, well width llnm, and annealing of 0.4 hours, (a) applied field F = 0 
(solid line), (b) F = lOOkV/cm (dash line).
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0.51, well width llnm, and annealing of 0.4 hours with F = lOOkV/cm.
Photon wavelength (pm)
Fig. 9.6 The contrast ratio (CR) in dB of a full DFQW (the one with x = 0.51) 
electro-absorptive modulator with length 50 pm.
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Thickness (A)
Fig. 9.9 The conduction band profile and wavefunction of fundamental eigenstate of 
the Ino.53Gao.47As/InP DFQW with Lz = 120A, a carrier density of 5xl012 
cm'2 and F = 0 and lOOkV/cm at 1<// = 0; as-grown QW (dot-dash line), 
DFQW with t = 0.5 hour and without the earner effects (dash line) and 
DFQW with t = 0.5 hour and the earner effects (solid line).
In-piane wavevector
Fig. 9.10 The valence subband dispersion in k// space of the Ino.53Gao.47As/InP DFQW 
with Lz = 120A, a carrier density of 5xl012 cm'2 and F = lOOkV/cm; with the 
carrier effects (solid line) and without the carrier effects (dash line).
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Photon energy (eV)
Fig. 9.11 The TE gain spectrum of the Ino.53Gao.47As/InP DFQW structure with t =0.5 
hour and applied fields; F = 0 and without the earner effects (solid lines), F 
= 0 and with earner effects (dash lines), F = lOOkV/cm and without the 
earner effects (long dash lines) and F = lOOkV/cm and with the carrier 
effects (dot-dash lines).
Fig. 9.12 TE and TM gain spectra of the Ino.53Gao.47As/InP DFQW with a earner 
density of 5xl012 cm'2 and different annealing times; t = 0 (solid lines), t = 
0.5 hour (dot lines), t = 0.8 hour (dash lines) and t = 2 hour (dot-dash lines).
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In-plane wave vector
Fig. 9.13 OME of the Ino.53Gao.47As/InP DFQW with t = 1 hour; (a) Cl-HHl,and (b) 
C1-LH1.
Fig. 9.14 TE and TM gain spectra of InxGai_xAs/InP DFQW with a carrier density of 
9xl012cm'2; DFQW with x = 0.53, Lz = 120A and t = 0.8 hour (solid lines), 
DFQW with x = 0.51, Lz = 120A and t = 0.24 hour (dash lines) and DFQW 
with x = 0.51, Lz = 140A and t = - 0.1 hour (dot-dash lines).
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Photon energy (eV)
Fig. 9.15 TE and TM gain spectra of the Ino.53Gao.47As/InP DFQW with Lz = 12 0A , t 
=  0.2 hour, a earner density of 9 x l 0 12 cm2; TE (solid line) and TM (dash 
line).
Annealing time (hours)
Fig. 9.16 (a) The differential gain and (b) the linewidth enhancement factor of the 
Ino.51Gao.49As/InP DFQW with Lz = 1 2 0A , a carrier density of 9 x l 0 12 cm'2 
for a photon energy of 0.82eV; TE (solid line) and TM (dash line).
172
Chapter 9
_c‘cd
0
c
‘co
0
.7 0.8 0.9 1.0 1.1
Photon energy (eV)
Fig. 9.17 TE and TM gain spectra for different applied fields of the Ino.53Gao.47As/InP 
DFQW with Lz = 120A, a carrier density of 9x1012 cm2; (a) t = 0 and (b) t = 
0.8 hour; F = 0 (solid line) and F = lOOkV/cm (dash line).
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C h a p t e r  1 0  
C o n f i n e m e n t  P r o f i l e s  o f  
A s - G r o w n  Q u a n t u m  W e l l s
10.1 In troduction
The shape of the compositional and confinement profile of quantum well 
(QW) structures is crucial in determining their optical properties since the transition 
energies of QW are very sensitive to the shapes of the confinement profiles [10.1, 
10.2]. It is generally expected that QW structures are ideally grown to give 
rectangular confinement profiles, where the composition changes abruptly at the 
well/barrier interfaces. However, due to the dynamics of the growth process, the 
grading of consecutive interfaces may be obtained in the QW structures.
Generally, an as-grown QW structure grown by MOVPE ' is not
exactly rectangular in shape [10.3, 10.4]. This suggests that the change in the 
subblattice compositions at the interfaces of these QWs is graded rather than abrupt. 
In this chapter, the effects of compositional grading on a series of MOVPE grown 
AlGaAs/GaAs QW structures and the effects of the growth interruption times (GITs) 
on MOCVD grown InGaAs/InAlAs QW structure are investigated using 
photoreflectance (PR).
For the AlGaAs/GaAs QW structures, the confinement profile of 
AlGaAs/GaAs QWs grown by MOVPE grown are investigated using theoretical 
models of the QW transitions and optical properties. The QW transition energies 
measured from the PR spectra are analysed and compared to the theoretical model 
which has been extended to include linear and exponential interface grading. The 
absorption coefficient and refractive index of the QW structures are calculated and 
discussed. Finally, the interesting features of linear graded profiles are addressed.
For the InGaAs/InAlAs QW structure, the effect of growth interruption times 
(GITs) on the optical and electrical properties of an InGaAs/InAlAs QW structure is
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investigated; as different GITs are expected to play an important role in determining 
the shape of the QW profile. The electrical transport properties of these structures as a 
function of the GITs were determined from Hall measurements. The behaviour of QW 
interband transition energies, which are sensitive to the QW profile, with different 
GITs are then studied by PR and QW subband modelling.
1 0 .2 . E x p e r im e n t  a n d  M o d e ll in g
10.2.1 Samples Fabrication
The four AlGaAs/GaAs samples studied here were grown by MOVPE and 
each consisted of a single GaAs well layer clad with 1000 A thick AlvGaMAs barrier 
layers. The grown layers were undoped, although there was evidence of unintentional 
p-type doping due to background carbon acceptor concentrations which were 
estimated to be in the low 1015 cm’3 region. The quality of this structure was evaluated 
by measuring its PL spectrum at 4 K. The result was an intense peak centred at 1.595 
eV, with a FWHM of 6 meV, which showed that the sample was of a high quality. 
Two samples have the aluminium concentration ratio (x) of 0.2 in barrier and the 
other two have x  = 0.3. Each pair of samples have nominal GaAs well width (L.) of 
50 A and 100 A. For reference, these structures are referred to by the notation (x/L.),
i.e. 0.3/50, 0.3/100, 0.2/50 and 0.2/100.
Three identical InGaAs/InAlAs QW structures were grown by MOVPE with 
different GITs . Trimethylindium, trimethylgallium and trimethylaluminum were used 
for In, Ga and Al sources, respectively, and 100% arsine and phosphine was used for 
group V elements. Each structure consisted of a 60 nm In0.507Al0.493As upper barrier 
layer, a 25 nm Ino.53Gao.47As well layer, and a 300 nm I110.507AI0.493AS lower barrier 
layer grown on an SI InP substrate. The GITs used here were 0 s, 5 s and 15 s when 
switching from barrier growth to well growth and vice versa. All layers were grown at 
650°C which was found to be the optimum temperature for low background carrier 
concentration.
10.2.2Modelling of Quantum W ell Structures
In order to identify the QW transitions which were determined from the fitting 
analysis of the PR spectra, a one-dimensional one particle Schrodinger-like equation
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obtained from an envelope function approximation [10.5], using a Ben-Denial and 
Duke model [10.6] is solved by using a finite difference method [10.7] for the subband 
structures at the F-valley (k>/ = 0). The band mixing effect of the valence subband 
structure is taken into account by adopting the effective Hamiltonian approach [10.8]. 
In this approach, the ith envelope function at a finite k//5 %;(!<,,, z), is defined as follows:
N 3/2
Xi(KnZ) — ^  ^  Ay j  (kn ) %v (z) m i )
q=l V =-3/2
where V runs over the fourfold degenerate hole states with the quantum number -3/2, 
-1/2, 1/2, and 3/2 (HH = ± 3/2, LH = ± 1/2) and N is the maximum number of basis 
taken in each V. %Vq(z) are the envelop wavefunctions of HH and LH at k„ = 0 
obtained by solving the one-dimensional one particle Schrodinger-like equation. With 
this basis the 4x4 effective Hamiltonian is:
(10.2)
C B 0 x
C* E -m 0 b t
B* 0 B l/2 C T
v 0 C* p -3/2 J
where
Y+o.
c = a /3 ^ -y  2( kx - i k y) 2 j
BqQ' = V3— y 2( - k x - i k y) J Xy2 ,q(z)X-i/2 4 '(z)dz
p  - X  P  _
-^ ±1/2,5.-! ’ ss LHs
2 in
ft
II HH 
2
2m
■k:
1/LH
where the well centre is defined as z = 0, mo is an electron mass, y2 is the Luttinger- 
Kohn parameter [10.9], m *  is the hole effective mass in the plane of the QW, and Ltot 
is the width of a whole square QW structure with infinitely high barrier which 
contains a well sandwiched by two barriers. The introduction of this larger well is to 
numerically determine the continuum levels above the top of the single QW. The IS 
exciton binding energies are then calculated using the variational method [10.7, 
10.10].
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The trapezoidal, and exponential function profiles are defined by the following 
equations. For the trapezoidal profile they are :
x,.
X
X/. (z Yi Lb[t )
K ap- y ^
0
'bottom
z > bottom
Lrap (10.3)
'bottom
where xb is the Al concentration in barrier, L bottom and L tmp are the bottom well width, 
thickness of a graded interfacial layer between the well and barriers respectively. For 
the exponential profilq the equations are:
x =
Lt +e Jbottom
o
z > \y z L t 
0 < z < \ ' A L ,
(10.4)
'bottom
where Lb -  V2(Ltot -  Lbo,loin), m = log(x&/x„.) is a constant and (3 is the curvature 
parameter of the exponential profile. £ and z are the thickness of the grid interval and 
the growth direction, respectively. x„, is the Al concentration in the well.
In the trapezoidal well, the potential is linearly graded across the two 
well/barrier interfacial regions of single QW with thickness of Ltmp. The energy states 
for this profile are dependent on Lbotwm and the gradient of the interface. The gradient 
of the interface can be described in terms of the aluminium concentration in the barrier 
and the thickness of Ltmp. The exponential profile is defined by the curvature 
parameter |3, a large P corresponds to a steep exponential profile.
The absoiption coefficient and refractive index of a QW structure are modelled 
using the density matrix approach and dielectric function approaches respectively. 
Details of these models are given in references [10.11,10.12].
10 .3  R e s u lts  a n d  D is c u s s io n s
10.3.1 Non-Ideal Confinement Profiles of As-Growth AlGaAs/GaAs 
Quantum W ells
Four AlGaAs/GaAs QW structures including 0.3/100, 0.2/100, 0.3/50 and 
0.2/50 are investigated here. The analysis of these samples by photoreflectance (PR)
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using a simple rectangular QW confinement profile has been reported previously
[10.13]. The material parameters of the AlxGai.x As/GaAs QW structure are taken 
from ref. [10.14]. The transitions between the electron in the conduction band (C) and 
the heavy-hole (H) and the light-hole (L) in the valence band are referred to by the 
notation of C„Hm and CnLm respectively, where n is the state of electron and m is the 
state of heavy hole or light hole, respectively. The exciton binding energies of high 
order transitions are taken from ref. [10.15].
The measured transition energies for the four structures, as determined by PR, 
are compared to the calculated transition energies of rectangular QW (RQW) 
structures. For all the four structures, the difference between the measured and 
calculated RQW transition energies for the higher order transitions with rectangular 
profiles are large (>10meV), as shown in Table 10.1. In order to match all of the 
measured transition energies with the theoretical model for each as-grown QW 
structure, several RQW structures with different well widths are required. The 
variation of the calculated transition energies with the well width for the 0.3/100 
structure, together with the measured transition energies are shown in Fig. 10.1. The 
correlation between the measured and calculated transition energies suggests that each 
transition corresponds to a QW structure with a different well width and that the well 
width increases with increasing transition energy, i.e. the well is narrower at the 
bottom and wider at the top. This suggests that the QW confinement profile is not 
rectangular and is more correctly described by a QW structure with graded interfaces, 
which can be expected since the growth of different composition layers cannot be 
switched precisely and instantaneously.
The effects of the interface grading, using linear and exponential profiles, on 
the QW transition energies and the difference between the experimental and 
calculated transition energies for these structures are given in Table 10.1. In the 
linear and exponential profiles, the optimised L bouom is 100A for the wide well 
structures and 45A for the narrow well structures. Using the optimised L bollom, a 
minimum error of ± 2meV between the experimental and theoretical transition 
energies is obtained, especially for the low order diagonal transitions, such as the 
C1H1, C2H2, and C1L1.
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A. Comparison Between the Rectangular and Trapezoidal Profile
For each QW structure, the trapezoidal profile parameters were optimised for 
the best fit between the calculated and measured transition energies and the 0.3/100 
structure is used here as an example to compare the transition energies of rectangular 
and trapezoidal profiles. The difference between the calculated and measured 
transition energies generally reduces using the trapezoidal profile with L  = 12  A as 
shown in Table 10.1. For the higher order transitions the difference is large and 
positive, which suggests that the gradient of the interface should be decreased, i.e. an 
increase of L . However, increasing L  results in an unacceptable energy difference 
for the ground state transitions. This suggests that, although there are some 
limitations in fitting the as-grown QW structures using linear graded interfaces, such 
as trapezoidal profile, this optimised fit is more correct than that using the RQW 
profile.
B. Comparison Between the Trapezoidal and Exponential Profile
For the 0.3/100 structure, the exponential profile with (3 = 4.6 shows a further 
reduction of the energy difference between the calculated and measured transitions as 
compared to that of the optimised trapezoidal profile, especially for the higher order 
transitions, such as the high order diagonal transitions C2H2 and C3H3, see Table
10.1. This is due to the larger effective well width in the upper half of the well of the 
exponential profile resulting in a reduction of the difference between calculated and 
measured transitions. This improved fit using the exponential profile is shown in Fig.
10.2. The reduction of the electron (C3) state energy is the largest for the exponential 
profile and thus provides the best fit to the measured transitions of 0.3/100. However, 
the energy reduction is not as pronounced for the heavy and light-hole states, as the 
change of the interface grading result in a larger modification of the confined state 
energies in the conduction band rather than that for HH and LH. This is due to the 
larger band offset value of the conduction band than the valence band, here we used 
0.65:0.35 respectively. As a consequence, the 0.3/100 QW structure can is best fitted 
by an exponential profile with |3 = 4.6 and the graded-interface thickness of 11.8  A 
which is defined as the thickness between a point of the well/barrier interface, with 
ImeV deviation from the RQW barrier potential, and the comer of the well.
The same behaviour is found in the other three structures, as shown in Table
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10.1. For structure 0.2/100, a good match is obtained using an exponential profile 
with (3 of 3, while for the narrow well structures the average energy differences are 
larger but are considered acceptable since the QW subband energies are more 
sensitive to QW parameters, particularly Lz. The values of [3 used here are 11 and 8 
for the 0.3/50 and 0.2/50 structures respectively. The values of |3 are smaller for the 
narrower well structures which means that the interfaces of these two exponential 
profiles are steeper and the shapes are closer to a rectangular profile. These results 
suggest that the graded well/barrier interface is most appropriately described by an 
exponential profile in all four samples.
It should be noted that in both narrow well structures a number of PR features 
were observed which were identified as “forbidden” transitions in the QW. The 
presence of these features is attributed to (i) the finite depth of the well, (ii) the non- 
rectangular confinement profile of these QW structures, since it is known that in such 
cases the selection rules are relaxed, and (iii) there is an inherent built-in electric field 
in all of these samples [10.16]. All of these features support the presence of a graded 
interface.
C. Optical Properties
The absoiption coefficient of the optimised RQW, trapezoidal QW and 
exponential QW of the 0.2/100 case are shown in Fig. 10.3. The variation of the 
absoiption coefficient of these three confinement profiles is due to the different 
transition energies of each optimised profile. The maximum change of absoiption 
coefficient is = 1,800 cm'1 at an exciton peak wavelength of -0.85 lpm, where the 
exciton absorption is -18,000cm'1. The absorption coefficient of the graded QWs is 
generally higher than that of RQW because the effective well width of the C1H1 
transition, which is defined as the average well width of Cl and HI states, of the 
graded QWs is narrower than that of the RQW. This effective well width here is 
10.4nm and 10.2 nm for the trapezoidal and exponential QWs respectively in 
comparison to 11.4nm for the RQW.
The refractive index of these structures is shown in Fig. 10.4. The differences 
in the absoiption coefficient of the three structures below the bandedge wavelength of 
0.851pm produces changes of the refractive index at longer wavelengths due to the
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Kramer-Kronig transformation. However, the refractive index values for the 
trapezoidal and exponential QW profiles are very similar to each other and are -0.25% 
greater than that of the RQW. This small increase due to the graded interface may not 
be relevant to device operation.
D. QW Structures with Asymmetric Interface Grading
Due to different growth rates of GaAs on AlGaAs and AlGaAs on GaAs, the 
QW structure may has asymmetric well/bam er interfaces [10.4]. We find that the 
independent variation of the grading the two well/barrier interfaces of the optimised 
QW structure produces interesting results. The extreme case considered here is where 
one interface is abrupt, with zero interface thickness, and the other has an interface 
thickness of 2 x  L  . For the 0.3/100 sample, the interface grading is varied from O A  
to 2 4 A  per interface, see Fig. 10.5. The results show that, providing both the area of 
the QW graded confinement profile, including the conduction band and the valence 
band, and the aluminium concentration in the barrier are kept constant, variation of the 
interface gradient changes the transition energy by < 2meV. The area of the QW is 
considered as the cross-sectioned area of the potential profile along the growth 
direction z, bound by the outer barrier potential. These calculations were performed 
for a single QW with interface layer thicknesses of (24/0 A); (20/4 A); (15/9 A); and 
(12 /12  A) for the trapezoidal QW. It is worth noting that in all the cases studied here, 
no transitions are created or destroyed due to variations of the two interfaces and the 
value of the overlap integral of each transition was found to vary by < 2 % from that of 
the symmetric QW structure. As shown in Fig. 10.6, the absorption coefficient spectra 
of the symmetric (12 /12  A) and asymmetric (24/0 A) trapezoidal structures merge 
together. For the exponential profile, the absorption coefficient spectrum of the 
symmetric profile and the asymmetric profile with one abrupt well/barrier interface are 
close to each other, as shown in Fig. 10.7 although they cannot overlap precisely.
For the case of constant area and varying the Al content, the absorption 
spectrum changes. Using the as trapezoidal QW as an example, see Fig. 10.6, by 
increasing the Al content from 0.3 to 0.32 and varying interface layer thicknesses of 
(5/5 A) for the trapezoidal QW while keeping L bottom length, the absorption spectrum 
shifts to shorter wavelength. This is because when the well/barrier interface reduces
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and the Al concentration increases, the states energy and the transition energies 
increase.
As a consequence, the minimal changes of transition energy due to the change 
from symmetric QW to asymmetric QW do not produce any significant effects on the 
absorption coefficient of the graded QW structures (trapezoidal and exponential QW) 
providing both the depth and area of the QW structure are kept constant. This 
suggests that the change of refractive index is very small ( «  0.1 %) and may not affect 
the operation of optical devices by varying the growth interruption time during the 
MOVPE growth through varying the thickness of the well/barrier interface layer, 
although changes of the interface grading may affect the carrier removal rate from the 
QW structure.
10.3.2 Effect of Growth Interruption on the Properties of InGaAs/InAlAs 
Quantum W ells
The PR spectra of the as-grown QW samples as a function of GITs are shown 
in Fig. 10.8. Also shown in Fig. 10.8 are the calculated transition energies from the 
model assuming a rectangular QW profile. It should be noted that in modelling the 
QW structure and thus the transition energies, the effective mass in the barrier and the 
well has been taken into account and is shown in Table 10.2. Tbe InP substrate and 
InAlAs barrier signatures at -1.48 eV and -1.347 eV respectively are readily identified 
and serve to calibrate the spectra. From Fig. 10.8, the higher order transitions appear 
to shift higher in energy with increasing GITs. The increase of the higher order 
transitions with GIT indicates that a significant change in the shape of the QW profile 
has occured. The degree to which this profile changes can be evaluated by modelling 
two profiles; rectangular (RQW) and exponential (EQW). The PR energy shifts 
suggest that the QW profile becomes more abrupt, i.e. approaches rectangular shape, 
with increasing GIT. Consequenctly, the structure with GITs of 15s and 0s were 
modelled by RQW and EQW profiles respectively, as shown in Fig. 10.9. The EQW 
profile is symmetric and is defined by equation (10.4). From Fig. 10.9, the change in 
QW profile to produce energy shifts comparable to those deduced from PR (<20 
meV), occurs primarily at the top of the QW. The corresponding transition energies 
calculated from the model for both profiles are given in Table 10.3.
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The Hall mobility and background carrier density as a function of GIT are 
shown in Fig. 10.10. These plots show that both the mobility and the sheet carrier 
concentration increase with GIT. The increase is attributed to the removal of defects 
which scatter earners and causes a decrease in their mobility. In addition, a large GIT 
allows the material to grow and order itself as near to a single crystal as possible.
10 .4 . S u m m a r y
In this chapter, the non-ideal potential profile of MOVPE grown 
AlGaAs/GaAs QW structures and the effects of GIT on MOVPE grown 
InGaAs/InAlAs QW structure are analysed and investigated both experimentally and 
theoretically. For the AlGaAs/GaAs QWs structures, our results show that they are 
best represented by a QW potential profile with exponentially graded interfaces. 
Moreover, the variations of the transition energies are dominated by changes in the 
conduction band. The maximum change of the refractive index between the 
optimised exponential and trapezoidal profiles is less than 0.3%. This suggests that 
the unintentional interface grading of a QW structure may not affect the operation of 
optical devices.
For the linear graded potential profile, it is interesting to note that the 
transition energies and optical properties of the optimised structures and their overlap 
integrals are independent of the actual interface gradients when the area and depth of 
the QW confinement profile are kept constant. These results may be of use for the 
fabrication of waveguide devices.
For InGaAs/InAlAs QW structures, our results show that increasing the growth 
interruption time from 0 to 15 s increases the abruptness of the well barrier interfaces 
and results in an increase of the carrier mobility. The resulting change in shape at the 
top of the QW leaves the ground state transition energies unchanged, while the higher 
order transition energies are modified. This results in a change of the optical 
properties while maintaining the same bandgap of the QW structure.
While rectangular QWs are desirable for the in-depth understanding of the 
material and devices, non-ideal structures with graded interfaces may in fact be 
preferable for devices as the less abrupt interfaces enable fast earner removal for high 
speed switching.
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Table 10.1 The difference between the experimental and the calculated transition 
energies for rectangular QW (RQW), trapezoidal (TRAP) and exponential 
(EXP) QW potential profiles using Qc of 0.65. In all graded profiles, 
Pbomn ls 100 A for the wide well samples and 45 A for the narrow well 
samples. The experimental transition energy (in eV) is denoted as E(expt).
QW Structure profile Transition Energy Difference (meV)
0.3/100 C1H1 C1L1 C2H2 C2L2 C3H1 C3H3 -
E(expt) (eV) 1.452 1.466 1.542 1.591 1.661 1.696
RQW, fo = 108 A -1 -1 + 1 1 +23 +10 +15 -
TRAP, Llrap = 12 A -2 -2 +9 +15 +2 +7 -
EXP, P = 4.6 -2 -2 +7 +13 -4 + 1 -
0.2/100 C1H1 C1L1 C2H2 C1H5 C2L2 C3H1 C3H3
E(expt) (eV) 1.447 1.460 1.519 1.540 1.576 1.610 1.638
RQW, fo = 114 A -1 -2 +15 +2 +7 +8 +15
TRAP, Llmp = 20 A -1 -3 + 12 0 -1 + 1 1 +9
EXP, p = 2.6 -1 -4 + 12 -14 -7 +6 +2
0.3/50 C1H1 C1L1 C1H2 C1H3 C2H1 C2H2 -
E(expt) (eV) 1.512 1.539 1.583 1,651 1.708 1.735
RQW, A = 51 A +2 + 1 1 -16 -15 -2 +22 -
TRAP, Ltmp = 8.5 A -1 +6 -22 -23 +40 +14 -
EXP, p = l l -1 +6 -22 -24 - 1 1 + 1 1 -
0.2/50 C1H1 C1L1 C1H3 C2H1 C2L1 C2H2 -
E(expt) (eV) 1.492 1.520 1.584 1.606 1.644 1.668
RQW, fo = 54 A -2 +2 - - - - -
TRAP, Lmtp = 11.5 A -1 +3 + 1 - - - -
EXP, p = 8 -1 +2 0 +19 +8 -1 -
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Table 10.2 Material parameters used in the modelling calculations. Eg is the bandgap 
energy, nq and mhh are the effective masses of electron and heavy hole 
respectively.
Unit InxAlyGai.x_yAs
Eot=> eV 0.354x+3.017y+1.432(l-x-y)-0.99xy-0.51x(l-x-y)+0.04y(l-x-y)
me mo (xy meinAiAs+ y(l-x-y) mbAiGaiAs+ x(l-x-y) meinGaAs))/(x+y-xy-x2-y2) 
meinMAs =0.1719-0.1506(( l+x-y)/2) 
meMGaiAs=0.0632+0.0856( x/2 + y )+0.0231( x/2 + y )2 
meinGaAs =0.0632-0.0419( x+ y/2)
mhh nq (xy nqhhinAiAs+ y(l-x-y) mWlAiGaiAs+ x(l-x-y) mllhinGaAs))/(x+y-xy-x2-y2) 
mhh inAiAs =0.145-0.121 ((1 +x-y)/2) 
mi,]! AiGaiAs=0.50+0.2(x/2+y) 
mi,h inGaAs=0.5-0.09 (x+y/2)
Table 10.3 Calculated transition energies of the RQW and EQW profiles.
Transition RQW
(eV)
EQW
(eV)
CiH] 0.745 0.744
C2H2 0.781 0.779
C3H3 0.842 0.837
C4H4 0.927 0.918
c 5h 5 1.038 1.022
c 6h 6 1.171 1.147
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Fig. 10.1 Comparison of the calculated transition energies of the rectangular QW 
(dashed line) for different well widths and that of the experimental 
transition energies (solid line) for structure 0.3/100. The dotted line shows 
the trend of the intersection between the experimental and modeled
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Fig. 10.2 The calculated potential profile and confined energy states for the 
rectangular (solid line), trapezoidal (dashed line) and exponential (dot- 
dashed line) QWs for structure 0.3/100 for (a) conduction band, (b) valence 
band : heavy-hole, (c) valence band : light-hole.
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Fig. 10.3 Absoiption spectra of 0.2/100 QW structures; RQW (solid line), trapezoidal 
profile (dashed line), and exponential profile (long-dashed line).
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Fig. 10.4 Refractive index spectra of 0.2/100 QW structures; RQW (solid line), 
trapezoidal profile (dashed line), and exponential profile (long-dashed line).
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Fig. 10.5 The extreme trapezoidal potential profiles with different left and right hand 
side L,mp for the 0.3/100 structure: 2 4 A ,  O A  (dash line); 12 A ,  1 2 A  (solid 
line); and 0A, 2 4 A  (dotted-dashed line).
Photon wavelength (pm)
Fig. 10.6 Absoiption spectra of trapezoidal QW: 0.3/100 trapezoidal QW with 
interface layer thicknesses of 12 /12  A (solid line), the extreme 0.3/100 
trapezoidal QW with interface layer thicknesses of 24/0 A (dashed line), the 
extreme 0.32/100 trapezoidal QW with interface layer thicknesses of 5/5 A 
(dash-dotted line).
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Photon wavelength (pm)
Fig. 10.7 Absorption spectra of 0.3/100 exponential QW: symmetric profile with (3 = 
4.6 (solid line), the extreme exponential QW structure with a P = 2.278 
curvature in one interface and abrupt in another interface (dotted-dashed 
line).
Energy (eV)
Fig. 10.8 The PR spectra for the three as-grown QW structures for GIT values of 0 s
( •), 5 s (......... ) and 15 s (----- ). The energies determined for
the electron (m) to heavy-hole (n) H™ transitions are indicated.
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Fig. 10.9 The conduction subband structure of RQW (---------) and EQW (--------)
profiles. A (3 value of 5 is used to model the EQW profile.
Fig. lO.lOThe Hall mobility (□) and corresponding background carrier density (A) as a 
function of GITs.
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C h a p t e r  1 1  
C o n c l u s i o n  a n d  F u t u r e  w o r k
11.1  C o n c lu s io n
In this thesis, Q W  optical modulation devices using S A W  a n d  reverse bias 
voltages have b e e n  studied theoretically because modulators are important devices for 
encoding information onto optical earners in optical c o m m u n i c a t i o n  systems. F o r  
reverse-biased Q W  modulators, w e  focused o n  the effects a n d  advantages of using 
interdiffused Q W s .  In contrast, the optical properties of S A W - Q W  optical modulators 
are studied through a stack of single Q W ,  asymmetric double Q W  a n d  interdiffused 
Q W .
Recently, multilayer a n d  Q W  optical devices using the interaction of S A W  with 
the multilayer material ha ve gained intensive interest, although the c h a n g e  of optical 
properties d u e  to the S A W  effects are not well-understood. T h e  target for the 
de ve lo pm en t of S A W - Q W  optical modulators w a s  to understand the relevant features 
of Q W - S A W  interactions an d  optimise optical modulation devices. W e  have 
im p l e m e n t e d  the optimisation of Q W  structures in terms of the n u m b e r  of Q W  periods, 
Q W  structural parameters a n d  different types of Q W ,  such as D F Q W  a n d  D Q W .  O u r  
results s h o w  that the performance, i.e. c h a n g e  of refractive index a n d  absoiption 
coefficient, of the optimised S A W - Q W  modulators can have 10 a n d  100 times 
e n h a n c e m e n t  as c o m p a r e d  to that of the conventional S A W - Q W  m o du la to r a n d  the 
bulk S A W  m o du la to r respectively. A t  the s a m e  time, the S A W  frequency a n d  p o w e r  
can b e  reduced to -100MHz a n d  f e w  m W  per S A W  wavelength respectively. T h e s e  
S A W  operating conditions ha ve b e e n  experimentally demonstrated in single Q W  
structures b y  others [11.1]. T h e s e  results suggest that S A W - Q W  optical modulators 
h a v e  useful properties for the applications of optoelectronics.
A s  a c o m e r  stone of the optimisation, w e  investigated the features of SAW in a 
lOOA/lOOA Alo.3Gao.7A s / G a A s  QW structure. T h e  results suggest that the SAW
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induced potential weakens non-uniformly in depth which results in the different optical 
changes of each QW in a QW stack. The non-uniformity is enhanced when Xop reduces 
although the modulation strength of the QW structure increases simultaneously. The 
increase of SAW power can also increase the strength of the modulation. However, it 
makes the fabrication of the SAW transducer more complicated when Xsaw reduces 
and the SAW power increases. Consequently, a short period QW (< 5 QW) structure 
at the top surface of the whole structure is proposed so that strong SAW effects can be 
used for a large modulation. A ZnO thin layer on top of the SAW modulation 
structure is useful to enhance the modulation performance specially for a SAW 
modulator with a large period QW structure (~ 25 QW) because the stack of QW 
positions at ~ two-third the SAW wavelength depth in order to obtain a more uniform 
change of optical properties over the 25 periods of QW. The A,saw and power of the 
used SAW are 2-3pm and 10mWA,op respectively.
The optimisation comes to a point where it can cope with the non-uniform 
modulation depth SAW characteristics and the simplification of the SAW transducer 
(i.e. increases XSaw and reduces SAW power) while the change of the QW optical 
properties remain large enough to produce a useful modulation performance. We 
reduce the Al fraction of barrier from x=0.3 to 0.2, increase the well width from lOnm 
to 12nm, and keep the 5 QW structure positioned at the top surface so that the strong 
SAW effects can be used. Thus, the required / saw is increased to 10pm and SAW 
power is reduced to 5mW/A,op to produce a similar modulation performance as the x = 
0.3 case. Consequently, the size of the SAW transducer can be increased and its 
fabrication can be simplified while the modulation strength is increased. Using QW 
interdiffusion, the modulation properties can be further modified to enhance the change 
of absoiption coefficient while/>P can be finely adjusted to the required value.
In order to produce a larger modulation, longer ASaw and lower SAW power, a 
more sophisticated QW structure, an asymmetric DQW structure, is used. The results 
show that the required / saw and SAW power are only 15pm and 3mW/A,op 
respectively. The SAW transducer can therefore be simplified further while the change 
of refractive index can be improved 10 times, as compared to the x = 0.3 QW 
structure, and 100 times improvement in comparison to the conventional bulk SAW
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devices. Consequently, these optimised results are important for the development of 
the SAW modulator with a strong modulation performance and an easily-fabricated 
SAW transducer. In addition, the required transducer is only ~ 200MHz which has 
been experimentally achieved on an InGaAs/GaAs QW structure [11.1] and should not 
be a problem for these device structures. It should be noted that with the use of a ZnO 
film layer on the top of the device, the performance of the modulators can be further 
enhanced.
The use of DFQW for reverse biased modulation devices were also 
investigated. They are (a) a QW phase modulator with DFQW as the lateral cladding 
region which is commonly used for monolithic integration with other devices, and (b) a 
novel application of DFQW in modulation devices to provide TE and TM mode 
polarisation insensitivity.
The use of interdiffusion to provide lateral optical confinement in waveguide 
type optical devices, including modulators, for monolithic integration has been widely 
studied [11.2]. However, the effects of the nonlinear nature of the DFQW profile on 
the performance of modulation devices has not been addressed here in detail. A 
comprehensive study of the effects of interdiffusion on the performance of a phase 
modulator in terms of the implantation parameters, the optical guiding properties, and 
modulation characteristics is presented here. Since the defects induced by the ion- 
implantation have a Gaussian depth profile, the peak defect concentration should be 
positioned at the centre of the QW active region to provide a high optical confinement 
factor and single mode operation. The modulation efficiency of a 25 period QW single 
mode phase modulators is better than that of the 50 period QW single mode phase 
modulator with optical confinement provided by DFQWs. Since the core/cladding 
interface is graded, the width of the metal contact is required to cover the 
core/cladding graded region.
A novel application of DFQW to produce PI optical properties in 
AlGaAs/GaAs and InGaAsP/InP is suggested for the use in optical modulators and 
amplifiers. This can simplify the fabrication of PI modulation devices as compared to 
the fabrication of as-grown PI-QW structures using expitaxial growth methods in 
tackling the problem of polarisation-dependent QW optical properties in optical 
communications and signal processing.
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Our results show that the proposed parabolic-like AlGaAs/GaAs DFQW and 
tensile-strained InGaAsP/InP DFQW can produce large enough PI absorption 
coefficient change for optical modulators using interdiffusion, although the absorption 
loss will generally increase. For the InGaAsP/InP DFQW structure, PI gain is also 
achieved, although the linewidth enhancement factor will slightly increase with 
interdiffusion. Recently, the PI optical gain has been experimentally achieved in the 
InGaAsP/InP DFQW structure [11.3] which suggested that interdiffusion due to 
thermal annealing can be used to develop PI optical devices.
To compare the QW modulators using SAW and reverse bias voltages, it was 
found that the SAW induced potential due the piezoelectric effect and SAW induced 
strain reduce non-uniformly in depth when the applied electric field is uniform across 
the biased QW region. Comparing the modulation characteristics provided by SAW 
and reverse applied voltages, shows that the SAW cannot easily provide the uniform 
perturbation of the QW structure as that produced by the reverse bias. Besides, the 
high frequency SAW transducer is also not well established. Moreover, up to now, the 
fastest optical modulator (~ 40GHz) with the highest modulation depth is operated 
using a reverse bias [11.4]. However, these results show that SAWs can produce the 
required optical changes for useful modulators and quite uniform SAW effects over 
certain period of QW are obtained after optimising the QW structure. In addition, 
SAWs do not need the p-i-n doped structure for operation so that accidental damage 
of the QW active region due to ion implantation can be reduced. Since the SAW 
propagates on a 2-D surface, it is useful but needs optical waveguides to enhance the 
interaction of optical field with SAWs for efficient optoelectronic integration [11.5]. 
Consequently, SAW and reverse bias effects play their roles in the development of 
useful optical modulation devices.
From the studies of optical modulation devices, it was observed that any 
variation of the QW potential profile significantly modifies the performance of the 
optical devices, such as the interdiffusion modified QW. We therefore extended our 
study to characterise the potential profile of as-grown QW structures. As shown in 
Chapter 10, the as-grown QW structures fabricated by MOVPE are best described by 
an exponential function profile instead of the ideal “rectangular” QW.
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Consequently, the work has shown that optical modulators using SAW and 
reverse applied voltages are useful. The SAW induced changes of the optical 
properties in different QW structures, including a stack of single QWs, asymmetric 
DQW and DFQW produced have been optimised. A stack of single AlGaAs/GaAs 
QW with a low Al fraction in barrier and a wide well width and the three-step 
asymmetric AlGaAs/GaAs DQW pairs are suggested to both provide useful 
modulation characteristics using SAWs and to simplify the fabrication of SAW 
transducer. The use of DFQW can enhance the SAW induced optical changes and fine 
tune the operating photon wavelength of the SAW based device. DFQW structures 
acting as an cladding layer can be used to develop an useful single mode QW phase 
modulator. A novel application of DFQW structures as an active region of modulator 
for producing TE and TM mode PI optical properties and for tuning the operation 
photon wavelength have been investigated for the realisation of PI optical modulators 
and amplifiers.
11 .2  F u t u r e  w o r k
Optimisation of SAW-QW modulators has been investigated. The material 
system considered is AlGaAs/GaAs QWs which is modelled by adopting the envelope 
function approach and the effects of SAW on QW subband structures are considered 
using a typical perturbation method. However, the research area of SAW effects on 
QW structures and their applications for modulators is still at the initial stage. In order 
to verify the effects of SAW, experiments to determine the change of optical properties 
due to the interaction of QW and SAW need to be carried out so that a clear picture of 
SAW perturbed QW structures can be obtained. With more understanding, we can 
extend our modelling work to other QW structures using InGaAsP and AIN material 
systems. For the strained QW, such as InGaAsP/InP QW, both tensile and 
compressive strains can be generated to provide extra modifications in the QW 
structures and thus the optical properties for the development of SAW opto-electronic 
devices, especially operated at photon wavelength of 1.55pm. For the AIN material, it 
has recently been demonstrated that the use of AlGaN can enhance the speed of SAW 
to more than 4300cm'1 [11.6] so that the speed of the signal processing using SAW 
can be improved. With the interesting feature of SAW in AIN material, high
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performance SAW tunable filters may be realized for optical signal processing. Thus 
combining the new opportunities of the high SAW velocity devices and the recent 
developments in blue LEDs and lasers based on nitride materials [11.7], they offer new 
and exciting developments for signal processing devices and circuits.
Concerning the development of DFQW for modulation devices and lasers, the 
interesting modelling results of the electro-optic phase modulator using disorder 
delineated optical confinement and the experimental demonstration of the 
interdiffusion-induced polarisation insensitive optical gain discussed in the thesis 
indicate some attractive applications of interdiffusion technology. In order to improve 
the modelling results for predicting the optical properties of DFQW devices more 
accurately, the QW model has to be extended to cover the split-off bands r 8 in the bind 
mixing model of valence bands, the bind mixing effect for exciton and the carrier 
effects to subband structures. From the application point of view of using DFQW as 
active region of optical modulators, we have recently obtained some preliminary results 
to use extensive interdiffused QW as high speed modulators since the tunnelling time 
of carriers in the well can be reduced in that DFQW structure. This should be an 
interesting research area because high speed modulators have been considered as a. 
crucial component for realising OEICs. However, since extensive interdiffusion will 
substantially modify the composition profile of a QW structure, a multiple QW model 
with a similar thickness of both the barriers and wells has to be developed in order to 
obtain a more detail subband structure. In addition, the modelling work has to be 
performed in parallel with experiments. Especially in the area of new interdifusion 
technologies, such as interdiffusion induced by sputtered SiCb, photo-absoiption and 
anodic-oxidation [1 1 .8-1 1 .10], more experimental work is required to develop a 
comprehensive and reliable model of the design of DFQW devices for optoelectronic 
integration.
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